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INTRODUCTION 

Secretory polypeptides are broadly used as mediators of intercellular com- 
munication to guide tissue development in metazoa. A decade ago, as the 
characterization of various mitogenic polypeptides and the isolation of 
scores of new ones were in progress, searches were launched to identify 
novel factors with activities other than promotion of cell growth. Some of 
the fruitful searches led to the isolation of a promoter of a transformed 
phenotype in fibroblasts, an inhibitor of cell proliferation, an inducer of 
chondrogenic differentiation, an inhibitor of myogenic differentiation, and 
an immunosuppressor. It was a major surprise to find that a single factor 
was responsible for all of these activities. Transforming growth factor 
type-/?, or TGF-/?, became the conventional name for this multifunctional 
factor, even though this name misrepresents the fact that TGF-/? does not 
cause oncogenic transformation. 

Besides being multifunctional, TGF-/? represents a large family of fac- 
tors with diverse activities. The concept that TGF-/? is prototypic of a 
superfamily of growth, differentiation, and morphogenesis factors became 
clear in 1987 (Massague 1987; Sporn et al 1987) following the rich harvest 
that yielded the inhibins, activins, Mullerian inhibiting substance, deca- 
pentaplegic product, and TGF-/?2. One after another, these factors proved 
to be structurally related to TGF-/?. This family now includes embryogenic 
morphogens, regulators of endocrine function, and broad-spectrum as 
well as specialized regulators of cell proliferation and differentiation. The 
distribution of TGF-/?-related factors is widespread * in organisms from 
fruit flies to humans, and their evolutionary conservation is unusually 
strict. These factors appear to be involved in many processes of tissue 
development and repair. 

We have learned much about the structure, expression, and activity of 
the TGF-/?-related factors, and their implications in physiology, pathol- 
ogy, and therapeutics. Some glimpses of their receptors and mechanisms 
of action have been caught too. Herein I will attempt to appraise the 
current status of the studies of the TGF-/? family and point out some 
directions, challenges, and opportunities for the future. 

THE TGF-/? SUPERFAMILY 
Prototype Structure 

The structural prototype for this gene superfamily is the protein that was 
first isolated from human platelets as TGF-/? (Assoian et al 1983), cloned 
from a human cDNA library (Derynck et al 1985), and later named TGF- 
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£1 (Cheifetz et al 1987). TGF-jffl is a disulfide-linked dimer of two identical 
chains of 112 amino acids. Each chain is synthesized as the G-tenninal 
domain of a 390 amino acid precursor that has the characteristics of 
a secretory polypeptide; it contains a hydrophobic signal sequence for 
translocation across the endoplasmic reticulum and is glycosylated 
(Derynck et al 1985; Purchio et al 1988) (Figure 1). The precursor cleavage 
site is a sequence of four basic amino acids immediately preceding the 
bioactive domain. 

This precursor structure is shared by all known members of the super- 
family with the exception of the TGF-/J4 precursor, which lacks a dis- 
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Figure J Precursor, latent, and bioactive forms of TGF-fil . The TGF-/71 precursor consists 
of an N-terminal signal sequence (thin line), a pro-region (thick line) and the C-lerminal 
bioactive domain (box). Hie approximate locations of the three N-linked giycosylation sites 
(Y) in the pro-region and the 9 cysteines (C) in the bioactive domain are indicated. The 
intensity of the shadowing underlining the bioactive domain indicates the degree of amino 
acid sequence conservation throughout this domain in the other members of the TGF-/J 
superfamily. After secretion, the cleaved pro-region remains associated with the TGF-/H 
dimer forming a biologically latent complex. In platelets and certain cell lines, the latent 
complex also contains a 125-1 90-kd glycoprotein of unknown function (sliadowed). Bioactive 
TGF-/H is released by disassembly of this complex. 
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cernable signal sequence (Jakowlew et al 1988b). The known TGF-/?- 
related factors can be grouped in four families according to their degree 
of structural or functional relationship (Table I). Most of the amino acid 
sequence similarity between family members is in the C-terminal domain 
of the precursor. The degree of amino acid sequence identity in this domain 
ranges from 25 to 90% between different family members. The regions 
with highest homology are indicated in Figure 1 . At least seven of the 
cysteines in this domain are conserved in all members of the superfamily, 
and all nine cysteines are conserved in the TGFs-/? and the inhibin /? chains. 
Except in Mullerian inhibiting substance (MIS) (Cate et al 1986), this 
domain is cleaved to generate a mature polypeptide similar in size to 



Table 1 


The TGF-/J gene superfamily 






Chromosome 


Bioaclive dimers 


Gene 


human mouse 


name composition 



TGF-p Family 



TGF-01 


19qI3 


7 


TGF-yJl 


homodimer 


TGF-/?2 


lq4i 


1 


TGF-fil 


homodimer 


TGF-/Q 


14q24 


2 


TGF-/J3 


homodimer 


TGF-/J4' 






(cDNA only) 




TGF-05" 






TGF-05 
TGF-/JL2 


homodimer 
heterodimer 


Inhibin Family 










a 






[nhibin A 
Inhibin B 


cup A dimer 
tz,pB dimer 


pA 






Activin A 


PA homodimer 


PB 






Activin AB 


pA.pB dimer 


DPP/VGI Family 










DPP-C* 






(cDNA only) 




Vgl b 






(cDNA only) 




vgr-1 






(cDNA only) 




BMP-2 




13 


BMP-2 homodimer 


BMP-3 




2 


homo or heterodimers 


BMP-4 




5 


(cDNA only) 




BMP-5 




14,X 


(cDN A only) 




BMP-6 






homo or heterodimers 


BMP-7 






homo or heterodimers 



Mullerian Inhibiting Substance Family 

MIS 19 MIS homodimer 



°, h , and c arc from chick, Xenopus* and Drosaphlla, respectively. Chromosomal locations are from 
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mature TGF-/J1. Most of the factors in the family have been isolated as 
dimers from natural or recombinant sources. 

The N-terminal pro-region of a given factor may be conserved between 
animal species but is usually divergent between different factors (Derynck 
et al 1986; Cate et al 1986). Two potential functions of the pro-region are 
to assist in the folding of the bioactive domain during synthesis and, at 
least in the case of TGF-/H, to bind the mature factor forming a latent 
complex (see below). 

TGFs-fi: Forms, Expression, and Regulation 

forms TGF-/? is a term that refers to the dimeric products of various 
genes, five to date, identified by isolation of the proteins or by cDNA 
cloning. TGF-/? was initially described as an activity produced by retro- 
virally-transformed cells (Roberts et al 1981), but it is now clear that 
TGFs-/? are expressed in many normal cells and tissues and that this 
expression is not a unique attribute of the transformed phenotype. TGF- 
pi has been purified from human and porcine blood platelets (Assoian et 
al 1983), which are the richest source of TGF-/71 (20 mg/kg), from human 
placenta (Frolik et al 1983), and bovine kidney (Roberts et al 1983). 

Porcine platelets (Cheifetz et al 1987) and bovine bone (Seyedin et al 
1987) yield TGF-/72 in addition to TGF-/JL TGF-/H and 2 were identified 
in bone based on their cartilage-inducing activity, and they were named 
CIF-A and CIF-B before their identity with TGF-£1 and 2 was known 
(Seyedin et al 1985). TGF-/?2 was also independently discovered by its 
activity as a growth inhibitor (Holley et al 1980) or as an immuno- 
suppressor (Wrann et al 1987). TGF-/72 cDNAs have been cloned from 
human, monkey, and mouse libraries (de Martin et al 1987; Madisen et al 
1988; Hanks et al 1988; Miller et al 1989a). 

Human TGF-03 was identified first at the cDNA level (ten Dijke et al 
1988a; Derynck et al 1988) and was subsequently expressed in recombinant 
form (Graycar et al 1989; ten Dijke et al 1990), A chick embryo chon- 
drocyte cDNA library yielded cDNAs corresponding to TGF-£3 and 
TGF-£4 (Jakowlew et al 1988a,b). TGF-05 was identified as a cDNA from 
Xenopus laevis (Kondaiah et al 1990) and has been purified from Xenopus 
XTC ceil cultures (Roberts et al 1989), Mammalian TGF-04 and 5 have 
not been described yet. The complexity of this family may be greatly 
amplified by the existence of additional members and by the formation of 
heterodimers between different TGF-£.gene products co-expressed in the 
same cell The existence of the TGF-j?l/TGF-£2 heterodimer (TGF-0L2) 
has been confirmed in porcine platelets (Cheifetz et al 1987). 

structural conservation The degree of identity between the five 
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mature TGF-/? sequences ranges from 64% (TGF-01 vs TGF-/34) to 82% 
(TGF-02 vs TGF-/J4) (Kondaiah et al 1990), but individually TGFs-0 are 
extremely well conserved. Thus there is > 97% identity between the mature 
TGF-/J1 sequences from various mammalian and avian species (Derynck 
et al 1987; Jakowlew et al 1988c), and the same is true for TGF-02 and 3 
(Madisen et al 1988; Jakowlew et al 1988a). Conservation is also evident 
at the genomic level. The TGF-01 gene in various mammalian species has 
a seven-exon structure (Derynck et al 1987; Van Obberghen-Schilling et 
al 1987) that is largely conserved in other TGF-/3 genes (Derynck et al 
1988). This conservation suggests that the TGFs-0 arose by duplication 
of a common ancestor. The various TGF-0 genes, however, are located in 
separate chromosomes in both man and mouse (Table 1). 

Multiplicity of TGF-J? forms and sequence conservation within each 
form through evolution suggest important specific roles for each of the 
TGFs-/J. Differences are manifested in the pattern of expression of the 
various TGFs-/? in vivo (see below) and in their ability to interact with 
different cell surface receptors (Cheifetz et al 1987). Acting on cultured 
cells, TGF-/H, 2, and 3 often display similar activity and potency (Cheifetz 
et al 1987; Seyedin et al 1987; Graycar et al 1989), but show marked 
differences in certain cases (Ohta et al 1987; Ottmann & Pelus 1988; 
Tsunawaki et al 1988; Jennings et al 1988; Cheifetz et al 1990). Differences 
between the activity of TGF-01 and 2 have also been noted in vivo (Rosa 
et al 1988). The high degree of conservation of the individual TGF-/J 
sequences suggests the existence of evolutionary pressure to retain certain 
specific features of each of these factors. Such features should become 
apparent from a better characterization of their individual activities and 
the resolution of their three-dimensional structures. 

expression patterns Numerous cell types in culture express one or 
multiple forms ofTGF-/?, at least at the mRNA level (Derynck et al 1988). 
In general, the pattern of expression of the different TGFs-/? varies with 
each cell type and does not appear to be uniform among cells of the same 
lineage. Expression of TGF-/? is active throughout embryonic development 
and into adulthood (Heine et al 1987; Rappolee et al 1988; Thompson et 
al 1989; Miller et al 1989a). Histochemical localization studies have shown 
expression of TGF-/f 1 and TGF-/72 mRNAs or proteins in discrete regions 
of many tissues with characteristic temporal patterns. In the mouse 
embryo, TGF-/J1 mRNA is detectable in lung, intestine, and kidney mes- 
enchymes, epithelial structures, megakaryocytes, osteocytes, and centers 
of hematopoiesis (Lehnert & AkhuTSt 1988; Wilcox & Derynck 1988). 
TGF-^2 mRNA is detectable in gastrointestinal and tracheal submucosae, 
blood vessels, skin, cartilage, and bone (Pelton et al 1989). TGF-/J 
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immunostaining is high in mesodermal structures including teeth, larynx, 
palate, heart valves, cartilages, bones, and hair follicles (Heine et al 1987). 
At least 12 tissues and organs from adult mouse show expression of 
mRNAs for TGF-/H, TGF-/J2, and/or TGF-£3 (Thompson et al 1989; 
Miller et al 1989a,b); imrnunoreactivity is present in cells of the 

adrenal cortex, bone marrow, cardiac myocytes, chondrocytes, renal distal 
tubules, ovarian glandular cells, and chorionic cells of the placenta, and 
in extracellular matrices of the cartilage, skin, heart, pancreas, placenta, 
and uterus (Thompson et al 1989). The immunohistological distribution 
of a particular TGF-/? form does not always match the distribution of the 
corresponding mRNA, a discrepancy that could result from diffusion and 
accumulation of the protein away from the sites of synthesis, a lack of 
translation of the mRNA (Assoian et al 1987), or immune cross-reactivity 
with other forms of TGF-/?. 

control of ACTrviTY The existence of mechanisms that tightly control 
the expression and activity of TGF-/? may be expected because numerous 
cell types express and can respond to these factors, TGF-/? expression and 
activity are controlled by (a) regulation of TGF- /J gene transcription, 
(b) production of TGF-/? as a latent factor, and (c) sequestration of acti- 
vated TGFs-/? by extracellular matrix and circulating proteins. 

Transcription of the TGF-/H gene can be stimulated by phorbol esters 
presumably via a protein kinase C-dependent pathway (Akhurst et al 
1988), and by TGF-/U itself (Van Obberghen-Schilling et al 1988). The 
5' region of the TGF-/J1 gene contains two transcription start sites 
(Kim et al 1989a); one promoter site located upstream of the first tran- 
scriptional start site and a second located between the two start sites (Kim 
et al 1989b), as well as several transcriptional inhibitory regions (Kim et 
al 1989a, 1990). Both promoters contain transcriptional enhancer elements 
that respond to induction by phorbol esters and TGF-/?1, or transactiva- 
tion by AP-1 (Kim et al 1990). Activation via these elements is mediated 
by binding of the (Jun-Fos) AP-1 complex (Kim et al 1990). Additional 
putative phorbol ester responsive elements are present in the 3' flanking 
region of the TGF-0 i gene (Scotto et al 1990). Since expression and activity 
of Jun and fos genes are modulated by numerous factors including their 
own products (Sassone-Corsi et al 1988; Schutte et al 1989) as well as 
TGF-/H (Pertovaara et al 1989), these mechanisms have the capacity to 
finely tune TGF-/71 expression in response to diverse stimuli. 

With the exception of platelets, where TGF-/? is stored in oc-granules 
(Assoian & Sporn 1986), the TGFs-/? appear to be released from cells via 
a constitutive secretory pathway. TGF-/J1 , however, is released from either 
platelets or cultured cell lines as part of an inactive complex unable to 
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interact with cell surface receptors (Lawrence et al 1985; Pircher et al 
1986). Exposure to extreme pH (<4 or >9), chao tropic agents (sodium 
dodecyl sulfate, urea) or plasmin in vitro release active TGF-/J from the 
latent complex (Lawrence et al 1 985; Lyons et al 1 988). The latent complex 
isolated from human platelets and fibroblasts consists of the mature TGF- 
pi dimer plus two TGF-/J1 pro-region polypeptides disulfide-linked to a 
glycoprotein of 125-160 kd in platelets, or 170-190 kd in fibroblasts 
(Miyazono et al 1988; Wakefield et al 1988; Kanzaki et al 1990). The pro- 
region polypeptides are also disulfide-linked to each other. The amino 
acid sequence deduced from the 125-160 kd glycoprotein cDNA contains 
multiple EGF-like repeats in tandem as the main distinctive feature 
(Kanzaki et al 1990). The function of this protein is unknown at the 
moment. This protein does not prevent binding of activated TGF-/J1 to 
cells, has no detectable proteolytic activity, and does not appear to bind 
activated TGF-/71, or to be related to the TGF-^-binding proteoglycan, 
betaglycan (see below). 

Studies with cells that overexpress a transfected TGF-j81 gene, however, 
indicate that association of mature TGF-/?1 with the pro-region is sufficient 
to retain this factor in the latent state (Gentry et al 1988). Glycosylation 
and dimerization of newly translated TGF-/J1 precursor are followed by 
cleavage of the mature domain that continues to interact with the pro- 
region after release from the cell (Gentry et al 1988). The pro-region 
appears to be essential for the correct folding of TGF-/J1 during synthesis 
(Gray & Mason 1990). The TGF-01 pro-region contains mannose 6- 
phosphate (Purchio et al 1988) as well as the arg-gly-asp (RGD) sequence 
that in fibronectin, vitronectin, laminin, and other cell adhesion molecules 
recognizes certain adhesion receptors of the integrin class (Ruoslahti & 
Pierschbacher 1987). The TGF-^1 pro-region can bind to cell surface 
mannose 6-phosphate receptors (Kovacina et al 1989), but it is not known 
whether the RGD sequence can mediate binding of proTGF-/?s to 
integrins, or whether binding mediated by RGD or mannose 6-phosphate 
can lead to activation of latent TGF-jSl. The precise mechanisms that 
activate latent TGF-j? in vivo are also unknown. Endothelial cell cultures 
can activate latent TGF-/?, but only when cells are in contact with vascular 
pericytes (Antonelli-Olridge et al 1989; Sato & Rifkin 1989). Evidence 
suggests that the proteolytic action of plasmin or cathepsin D on the TGF- 
/H pro-region (Lyons et al 1988; Sato & Rifkin 1989), the removal of 
carbohydrate residues in this region (Miyazono & Heldin 1989), and the 
action of acidic microenvironments in sites of wound healing and bone 
resorption might contribute to activate latent TGF-/?1 in vivo. 

Once released from the latent complex, active TGF-/J1 can be bound by 
various extracellular matrix components and serum proteins. Clearance 
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of circulating activated TGF-/3 is extremely rapid (<3 rnin; Coffey et al 
1987) and binding to a2-macroglobulin might be involved in tbis process 
(O'Connor-McCourt & Wakefield 1987). TGF-0 can accumulate in inter- 
stitial matrices (Thompson et al 1989). High affinity binding of TGF-j3 to 
the core protein of the proteoglycan, betaglycan (Andres et al 1989), or 
lower affinity interactions with abundant matrix components, might pro- 
tect TGF-/? from degradation, or might function as a long-term reservoir, 
sustained release mechanism, or TGF-/? clearance system. 

Inhibins and Activins 

Inhibins and activins are dimeric polypeptides initially isolated from 
ovarian follicular fluid based on their ability to modulate the production 
of follicle-stimulating hormone (FSH) from pituitary cells (Ling et al 1 985). 
The inhibins are composed of an a subunit and either a /?A subunit (inhibin 
A), or /?B subunit (inhibin B) (Mason et al 1985; Forage et al 1986). These 
heterodimers inhibit production of pituitary FSH, gonadal sex steroids, 
and placental hormones (Mason et al 1985; Forage et al 1986; Ying et al 
1986b; Petraglia et al 1989). The amino acid sequences of the two 0 
subunits are 60% identical. The a subunit sequence is as divergent from 
the /? subunits (~25% identity at the C-terminal domain) as it is from 
the other members of the TGF-/? family. There is substantial evidence 
indicating that inhibins are indeed physiologic regulators of FSH pro- 
duction (Rivier et al 1986). Inhibins appear to repress FSH production by 
decreasing FSH-a and FSH-/9 mRNA levels (Attardi et al 1989). 

In addition to dimerizing with the a subunit, and /?B chains can pair 
with each other (Vale et al 1986; Ling et al 1986). Remarkably, the resulting 
dimers 0A-0A and 0A-/JB have biological activity opposite to that of 
inhibins. These dimers, called activins, stimulate FSH production by 
pituitary cell cultures, steroidogenesis in granulosa cells, and production 
of gonadotropin-releasing hormone, chorionic gonadotropin, and pro- 
gesterone in cultured human placenta cells (Vale et al 1 986; Ling et al 1 986; 
Petraglia et al 1989). Furthermore, some of these actions are mimicked by 
TGF-/J1 (Ying et al 1986a). The actions of inhibins and activins are not 
restricted to gonadal and pituitary cells. Homodimeric /3A activin was 
independently identified as a factor produced by human leukemia cells 
capable of inducing differentiation of erythroleukemia cells (Eto et al 
1987). This action is antagonized by inhibins. but, in contrast to other 
actions, it is not mimicked by TGF-jSl (Eto et al 1987; Yu et al 1987). 
More recently, expression of a, 0A, and /SB subunits has been detected in 
many other extragonadal tissues (Meunier et al 1988). Remarkably, activin 
A is produced by Xenopus laevis XTC cells in culture and has potent 
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mesoderm-inducing activity in mid-blastula Xenopus embryo explants 
(Smith et al 1990). 

The antagonistic activity of inhibins and activins raises questions con- 
cerning their mode of action. Do these factors oppose each other by acting 
through receptors that produce signals of opposite sign, or do they compete 
antagonistically for the same receptors? Activins are antagonized not only 
by inhibins, but also by follistatin, an activin-binding protein found in 
follicular fluid and other tissues (see below). Thus, as in the case of TGF- 
/?, complex mechanisms appear to ensure a tight control of the activity of 
these factors. 

Decapentaplegic, Vgl, and BMPs 

The biology of these TGF-/?-reIated factors underscores the role of certain 
members of this family as morphogens in arthropod and vertebrate devel- 
opmental processes. The decapentaplegic (DPP) gene complex encodes 
important functions in embryonic as well as larval Drosophila pattern 
formation. Mutations in various regions of the DPP gene complex result in 
failed dorsal- ventral patterning during early embryogenesis and defective 
patterning of the larval imaginal disks (Spencer et al 1982). The mutations 
affect cw-regulatory elements that control the expression of a set of over- 
lapping transcripts. The product encoded by these transcripts has the 
predicted structure of a TGF-/?-related molecule, with a C-tenninal 
sequence that is 36% identical to the mature TGF-/J1 sequence (Padgett 
et all 987). 

Another member of the family, Vgl, is involved in embryonic devel- 
opment in Xenopus laevis. Vgl is encoded by a maternally inherited mRNA 
that is restricted to the vegetal (endodennal) pole of the embryo (Weeks 
& Melton 1987). The Vgl product is -38 and -50% identical, respec- 
tively, to TGF-/J1 and DPP. The presence of maternal Vgl mRNA persists 
through the process of mesoderm induction, in which it may participate, 
and declines sharply after gastrulation (Melton 1987). Vgr-1, a mouse 
cDNA isolated by its homology to Vgl , encodes a product whose predicted 
C-terminal domain is roughly as similar ( — 60% identity) to the cor- 
responding sequence in the Vgl product as to the DPP product and 
to BMP-2 (Lyons et al 1989). Vgr-1 expression in the mouse increases 
throughout development and into adulthood in many tissues and is 
induced during endodermal differentiation of F9 teratocarcinoma cells. 

Bone has a unique capacity for self-restoration. An activity extracted 
from bone, and designated bone morphogenetic protein (BMP), induces 
chemotactive, proliferative, and difFerentiative responses that culminate 
with the transient formation of cartilage followed by accumulation of bone 
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with hematopoietic marrow (Wozney 1989). This process is quite distinct 
from promotion of growth of preexisting bone, an action that can be 
induced by various growth factors and hormones including TGF-/H. Puri- 
fied BMP preparations contain multiple component polypeptides (Wang 
et al 1988). N-terminal sequencing and molecular cloning' of these com- 
ponents has shown that with the exception of BMP-1, the BMPs are 
members of the TGF-/? superfamily and are particularly similar to DPP 
and Vgl (Wozney et al 1988; Wozney 1989). The predicted amino acid 
sequences of human and bovine BMP-2 (formerly BMP-2A) and BMP-4 
(formerly BMP-2B) show the highest degree of C-terminal domain identity 
(~75%) with Drosophila DPP, and they may represent the mammalian 
counterparts of this protein. BMP-5, 6, and 7 are closely related to each 
other and, like BMP-3 (also named osteogenin, Luyten et al 1989), show 
~60% identity in their C-terminal domain with BMP-2 (Wozney 1989). 
BMP-2, 3, 6, and 7 have been isolated from human and/or bovine bone 
and are bioactive as TGF-^-like homodimers or heterodimers. BMP-4 and 
5 are known only at the cDNA level. Physiologically, BMPs may act in 
concert with other factors to induce properly balanced bone formation. 
Recombinant BMP-2 implanted alone, however, is sufficient to induce 
ectopic bone production (Wang et al 1990). 

Mullerian Inhibiting Substance 

Mullerian inhibiting substance (MIS), also known as anti-MulIerian hor- 
mone, was identified and later purified based on its ability to induce 
regression of the primordium of female genitalia, the Mullerian duct, in 
mammalian male embryos (Blanchard & Josso 1974). MIS is produced by 
Sertoli cells of the fetal and adult testis and by ovarian granulosa cells 
after birth (Blanchard & Josso 1974; Vigier et al 1984). The deduced 
sequence of MIS C-terminal domain is ~25% identical to that of the 
other TGF-0-related factors. Purified from testes, MIS is a disuliide-linked 
homodimer of 70-74-kd glycosylated chains that, in contrast to the other 
TGF-£-related factors, contains the glycosylated N-terminal extension 
uncleaved from the C-terminal domain (Cate et al 1986). Recombinant 
MIS expressed in cultured cells, however, can undergo TGF-/3-like pro- 
teolytic processing (Pepinski et al 1 988). It is conceivable that the bioactive 
MIS entity could be generated by cleavage of the precursor at the sites of 
action in vivo. 

In addition to its activity as a regulator of gonadal morphogenesis, MIS 
can act on ovarian endocrine differentiation. In organ culture, MIS induces 
endocrine sex reversal in fetal ovaries with release of testosterone instead 
of estradiol (Vigier et al 1989). This action appears to result from decreased 
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aromatase activity caused by MIS and correlates with the formation of 
seminiferous cord-like structures. Expression of MIS led to abnormal 
sexual development including the progressive degeneration of the ovaries 
in transgenic female mice, and overexpression of MIS led, paradoxically, 
to feminization and regression of genitalia in transgenic male mice 
(Behringer et al 1990). These observations suggest that MIS may pro- 
mote testicular morphogenesis in addition to Miiilerian duct regression. 
As with other TGF-/?-related factors, progress in MIS research is reveal- 
ing a broader range of actions than was originally anticipated, 

BIOLOGICAL ACTIONS OF TGF-/? 

Most of the current information on the activity of TGF-/? derives from 
the study of TGF-/H, 2, and 3. As mentioned above, these TGF-/?1 iso- 
forms acting on cultured cells often display similar activity and potency, 
but occasionally show marked differences (Ohta et al 1987; Ottmann & 
Pelus 1988; Tsunawaki et al 1988; Jennings et al 1988; Cheifetz et al 1990). 

The ability of TGF-/? to elicit multiple cellular responses, including 
responses of opposite sign, has been a subject of great interest. The para- 
digm of TGF-/? as a dual factor emanated first from studies on cell pro- 
liferation; depending on the conditions, TGF-/? can either inhibit or stimu- 
late proliferation (Tucker et al 1984; Moses et al 1985; Roberts et al 1985; 
Massague et al 1985). In some instances, the mechanism that leads to this 
duality is apparent. For example, TGF-/?1 action slows the cell cycle of 
AKR-2B mouse fibroblasts (Shipley et al 1985), but induces expression of 
platelet-derived growth factor-B (PDGF-B) in these cells (Leof et al 1986). 
Thus when AKR-2B cells are placed in a mitogen-rich medium, there is a 
net growth inhibitory effect of TGF-)? 1, but when AKR-2B cells are plated 
in a mitogen-free medium, there is a net growth stimulatory effect caused 
by TGF-/?l-induced autocrine PDGF. In another example, TGF-/J 
decreases the proliferation rate of NRK-49F rat fibroblasts cultured as 
monolayers in the presence of EGF (Roberts et al 1985), but allows these 
anchorage-dependent cells to grow in a semisolid medium by inducing the 
production of a fibronectin-collagen-proteoglycan extracellular matrix to 
which the cells can adhere (Ignotz & Massague 1986; Bassols & Massague 
1988). Many of the diverse effects of TGF-/? on cell proliferation and 
phenotype are less susceptible to simple explanations. As discussed below, 
important cell-specific determinants dictate the nature of a cell's response 
to TGF-/?. Comprehensive accounts of the response of individual cell types 
to TGF-/? are available (Roberts & Sporn 1990; Ignotz & Massague 1990). 
The following summarizes some important aspects of the biological 
activity of the TGFs-/?. 
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Control of Cell Proliferation 

The concept that cell proliferation can be restrained not only by limitations 
in the supply of mitogenic stimuli, but also by the action of negative growth 
regulators (Holley et al 1980), has been substantiated by the identification 
of TGFs-/J as some of the most potent growth inhibitors known to date 
(Tucker et al 1984). All TGF-/3 forms tested display reversible growth 
inhibitory activity in normal as well as transformed epithelial, endothelial, 
fibroblast, neuronal, lymphoid, and hematopoietic cell types (Tucker et al 
1984; Moses et al 1985; Roberts et al 1985; Shipley et al 1986; Kehrl et al 
1986a; Frater-Schroder et al 1986; Carr et al 1986; Cheifetz et al 1987, 
1990; Knabbe et al 1987; Ohta et al 1987; Kimchi et al 1988; Graycar et 
al 1989). In certain cell lineages, TGF-jS opposes the action of specific 
mitogens such as EGF in keratinocytes (Coffey et al 1988), IL-1 and IL-2 
in lymphocytes (Ristow 1986; Kehrl et al 1986a,b; Wahl et al 1988), and 
IL-3, GM-CSF, and CSF-1 in hematopoietic progenitor cells at different 
stages of differentiation (Ohta et al 1987; Keller et al 1988). The extent of 
the growth inhibitory response to TGF-/? varies with the cell type and 
reaches a virtual growth arrest in certain lung epithelial cells, lung fibro- 
blasts and keratinocytes (Tucker et al 1984; Shipley et al 1986; Chambard 
& Pouyssegur 1988). TGF-/J acts by lengthening or arresting the Gl phase 
of the cell cycle (Shipley et al 1985; Nakamura et al 1985; Heimark et al 
1986; T. Lin et al 1987; Laiho et al 1990). 

Evidence for an antiproliferative action of TGF-/J1 in vivo has been 
obtained with inert polymer beads impregnated with TGF-/71 and 
implanted near the epithelial end buds of immature mammary glands 
(Silberstein & Daniel 1987). Also, intravenous injection of TGF-01 or 2 
has a negative effect on the proliferative response of regenerating rat liver 
(Russell et al 1988). TGF-/H mRNA is expressed in terminally differ- 
entiating cells adjacent to the suprabasal layer of phorbol ester-treated 
epidermis, which suggests a role in epidermal cell withdrawal from the 
proliferative state (Akhurst et al 1988). TGF-j? is expressed in apical cells 
from enteric villi but not in proliferative crypt enterocytes (Barnard et al 
1989). The antiproliferative action of TGF-0 on B-lymphocytes (Kehrl et 
al 1986a), T-lymphocytes (Kehrl et al 1986b), and thymocytes (Ristow 
1986) is one of the components of the immunosuppressive activity that 
these factors display in vitro and in vivo (Wrann et al 1987; de Martin et 
al 1987) (see below). 

TGF-/J can also stimulate cell proliferation although, as mentioned 
above, the mitogenic effect may be secondary to other cellular responses. 
TGF-0 stimulates proliferation of NRK-49F and AKR-2B fibroblasts 
plated in a semisolid medium (Roberts et al 1981; Moses et al 1981) or in 
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a mitogen-poor medium (Massague 1984; Leof et al 1986), and of early 
human embryo fibroblasts (Hill et al 1986) and rat calvaria osteoblasts 
(Centrella et al 1987). 

Control of Cell Adhesion 

Cell migration, homing, and settlement during tissue formation, repair, 
tumor invasion, and metastasis are guided by a complex set of adhesive 
interactions between ceils and extracellular matrices. Many of the cell 
surface components mediate adhesion of cells to the extracellular matrix 
and to other cells. The adhesive behavior of a cell is determined in part by 
the type and level of adhesion receptors that it expresses, and the type 
of extracellular matrix that it produces and with which it interfaces. In 
addition to providing physical support, adhesive interactions are a major 
conduit for intercellular regulation of cell function and phenotype. The 
possibility that the cell adhesion apparatus and the composition of extra- 
cellular matrices might be regulated by growth and differentiation factors 
is clearly apparent in the action of TGF-£ on many cell types. 

The action of TGF-0 on normal mesenchymal, epithelial, and lymphoid 
cells, as well as various tumor cell lines, generally leads to up-regulation 
of cell adhesion. This action is mediated in concert by enhanced synthesis 
and deposition of extracellular matrix components, decreased pericellular 
proteolysis, and modification of the repertoire of cell surface adhesion 
receptors, as summarized in Figure 2. The original impetus to examine 
the expression of these molecules in response to TGF-/? came from the 
observation of TGF-/? effects on cell morphology and differentiation 
(Ignotz & Massague 1 985) and its involvement in wound healing, a process 
with intense accumulation and remodeling of the extracellular matrix 
(Roberts et al 1986). The marked and generalized effect of TGF-£ on 
extracellular matrices is likely to play a major role in processes of organ- 
ismal morphogenesis and development, tissue repair processes, and the 
pathogenesis of certain fibrotic diseases. 

CONTROL OF EXTRACELLULAR MATRIX PROTEIN EXPRESSION TGF-/? action 

elevates fibronectin expression in several mesenchymal and epithelial cell 
types, both normal and transformed (Ignotz & Massague 1986; Like & 
Massague 1986; Dean et al 1988), Up to tenfold elevation in fibronectin 
synthesis, and a corresponding increase in extracellular matrix fibronectin 
accumulation, are frequently observed in response to TGF-/71 (Ignotz et 
al 1987; Dean et al 1988). TGF-/? also regulates the expression of type I 
collagen al and a2 chains, and collagen types III, VI, and X (Ignotz & 
Massague 1986; Roberts et al 1986; Varga et al 1987). Expression of type 
II collagen is induced in mesenchymal muscle cells secondarily to their 
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Figure 2 Cell adhesion molecules wliose expression is regulated by TGF-/5. 



chondrogenic differentiation in response to TGF-/H and 2 (Seyedin et al 
1985). Other matrix glycoproteins, whose synthesis is elevated in response 
to TGF-/71, include osteopontin (Noda et al 1988), osteonectin (Noda & 
Rodan 1987), tenascin (Pearson et al 1988), thrombospondin (Penttinen 
et al 1988), and the chondroitin/dermatan sulfate proteoglycans, biglycan 
(PG r) and decorin (PG II) (Bassols & Massague 1988). 

Elevated levels of mRNA for these proteins are observed within 3-5 hr 
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of TGF-/J addition and are the consequence of elevated transcription of 
the corresponding genes, as well as increased mRNA stability in response 
to TGF-f3 (Ignotz et al 1987; Raghow et al 1987; Rossi et al 1 988; Penttinen 
et al 1988; Dean et al 1988). The relative contribution of these two mech- 
anisms may vary with the cell type. Not only do TGF-/71 and 2 elevate the 
expression of proteoglycan core proteins, but they also increase the 
size or total mass of glycosaminoglycan (GAG) chains attached to them 
(Bassols & Massague 1988). The composition of GAG chains in the 
mouse epithelial cell membrane proteoglycan syndecan (Rapraeger 1989), 
and the overall synthesis of glycosaminogiycans in arterial smooth muscle 
cells, skin fibroblasts, and growth plate chondrocytes are also up-regu- 
lated by TGF-/? (Chen et al 1987; Falanga et al 1987). The mechanism 
by which TGF-/? affects the elongation and termination of GAG chains is 
presently unknown. 

The expected net effect of TGF-/? action is an accumulation of extra- 
cellular matrix. Indeed, this is a major response observed following local 
injection of TGF-/?1 in animals (Roberts et al 1986), In addition, the 
action of TGF-j5 may also lead to important qualitative changes in the 
composition and structure of extracellular matrices. For example, an alter- 
ation in the relative proportion of fibronectin and tenascin may lead to 
changes in cell behavior because of the antagonistic role of these two 
proteins as mediators of cell adhesion (Chiquet-Ehrismann et al 1988). 

control of pertcellular proteolysis Elevated synthesis of extra- 
cellular matrix components is not solely responsible for the net accumu- 
lation of extracellular matrix induced by TGF-/?. Plasminogen activator 
inhibitor- 1 (PAI-1) and tissue inhibitor of metallopro tease (TIMP), two 
inhibitors of extracellular matrix degrading enzymes, are strongly up- 
regulated by TGF-/J (Laiho et al 1986, 1987; Lund et al 1987; Edwards et 
al 1987). The up-regulation of PAI-1 mRNA is due, at least in part, 
to increased transcription 9 occurs with faster kinetics (<30 min) than 
the response of other extracellular matrix, components, and can reach 
up to 50-fold over the basal level. In addition, TGF-£ can also decrease 
the expression of collagenase (Edwards et al 1987), transin/stromelysin 
(Matrisian et al 1986; Kerr et al 1988), plasminogen activator (Laiho et al 
1986), and a thiol proteinase (Chiang & Nilsen-Hamilton 1986). 

control of cell adhesion receptors The integrins are one of the best 
characterized families of cell adhesion receptors (Hynes 1987; Ruoslahti 
& Pierchsbacher 1987). Integrins were examined in detail as targets for 
TGF-0 action after it was observed that TGF-/?-treated cells have a higher 
ability to bind fibronectin and collagen (Ignotz & Massague 1986). Mouse 
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thymocytes treated with TGF-fi bind more readily to fibronectin-coated 
tissue culture dishes, and their attachment can be prevented by short 
synthetic RGD-containing peptides, which indicates that adherence is 
mediated by integrins (Ignotz & Massague 1987). Integrins are hetero- 
dimeric membrane glycoproteins that consist of one 130-200-kd a subunit 
and one 90-130-kd p subunit. At least four distinct 0 integrin subunits 
exist in human cells, each one able to pair with various a subunits that 
confer ligand-binding preference to the resulting aj5 integrin complex. 
Many integrins function as adhesion receptors for extracellular matrix 
components including fibronectin, collagen, laminin, vitronectin, fibrino- 
gen, von Willebrand factor, and other as yet unidentified matrix com- 
ponents. Integrins that have a p2 subunit function as cell-cell adhesion 
receptors in lymphocytes. Most cell types express various integrins sim- 
ultaneously, each cell type having a characteristic complement of these 
receptors. 

TGF-P induces marked alterations in the repertoire of integrins ex- 
pressed in many cell types, primarily by increasing the mRNA levels of 
individual subunits (Ignotz & Massague 1987; C. J. Roberts et al 1988; 
Heino et al 1989; Ignotz et al 1989). TGF-/J can alter the expression of all 
integrin subunits examined to date. These include (a) a, through a 6 sub- 
units and the /?, subunit, which combine to generate receptors for fibro- 
nectin, collagen, laminin, and other extracellular matrix molecules; (6) a v 
and /? 3 subunits that form a vitronectin receptor; and (c) the a L subunit 
that combines with j} 2 to constitute LFA-l, a cell-cell adhesion receptor 
that binds to intercellular adhesion molecule ICAM-1 on the surface of 
other lymphoid cells. Correct assembly of integrins is required for their 
expression on the cell surface. If some subunits are available in limited 
amounts, the unassembled excess of other subunits is degraded even before 
they transit through the Golgi apparatus. Since several integrins may share 
a common pool of p subunits, the relative change in cell surface integrin 
levels induced by TGF-0 depends, not only on the changes in the rate of 
synthesis of individual subunits, but also on the balance of the various a 
and 0 subunits produced by the cell (Heino et al 1989). 

The susceptibility of individual integrins to up-regulation by TGF-/J 
depends on the cell type (Heino et al 1989). The expression of a given 
integrin subunit may not be elevated in a given cell type, or may even 
be strongly down-regulated, as is the case of the a 3 subunit in MG-63 
osteosarcoma cells (Heino & Massague 1989). Through this set of up- and 
down-regulatory events TGF-0 can alter the repertoire of cell adhesion 
receptors and the ability of cells to interact with other cells and extracellular 
matrices. 
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Control of Cell Phengtype 

Initial reports of TGF-/H influencing cellular differentiation processes 
(Ignotz & Massague 1985; Seyedin et al 1985; Masui et al 1986) and the 
expression of differentiated functions (Rook et al 1986; Hotta & Baird 
1986) led to studies showing that the differentiative potential of many ceil 
lineages can be affected by TGF-0 in vitro. Table 2 includes a summary 
of cell lines or primary cell cultures whose differentiation is regulated, 
positively or negatively, by TGF-£. In addition, the table lists various 
specialized functions of terminally differentiated cells that are affected by 
these factors. 

General features of the inhibitory action of TGF-/? on ceil differentiation 
have been defined in studies on preadipocytes and myoblasts. Mouse 3T3- 
Ll preadipocytes (Green & Meuth 1974) and rat L 0 E 9 skeletal muscle 
myoblasts (Nadal-Ginard 1978) can be induced to differentiate, respec- 
tively, into mature adipocytes and multinucleated myotubes. Differ- 
entiation becomes complete within 3-4 days after induction. When these 
cells are induced to differentiate in the presence of picomolar concen- 
trations of TGF-/?, differentiation is blocked (Ignotz & Massague 1985; 
Massague et al 1986; Florini et al 1986). TGF-£1 can be added as late as 
30 hr post-induction and still block preadipocyte differentiation. Once 3T3- 
Ll cells become committed to differentiate, however, they are refractory to 
the inhibitory action of TGF-/H. Like preadipocytes, L 6 E 9 myoblasts go 
through a critical temporal point after which differentiation will proceed 
even in the.presence of TGF-/?. This refractoriness to TGF-/? is not due to 
a loss of receptors since 3T3-L1 adipocytes and L 6 E 9 myotubes continue 
to express TGF-/? receptors I and II at levels similar to those of the undif- 
ferentiated counterparts, and they continue to show various biochemi- 
cal responses to TGF-/?, such as elevation of extracellular matrix protein 
expression (Ignotz & Massague 1985; Massague et al 1986). Inhibition of 
differentiation is not secondary to effects of TGF-/?1 on cell proliferation, 
and it is reversible once TGF-J31 is removed (Ignotz & Massague 1985; 
Massague et al 1986; Florini et al 1986). The inhibitory effect of TGF-/? 
on 3T3-L1 and L 6 E 9 cell differentiation correlates with a marked alteration 
in the expression of extracellular matrix proteins and cell adhesion recep- 
tors (Ignotz & Massague 1986, 1987; Ignotz et al 1987). The possible 
participation of this response in mediating the anti-differentiative action 
of TGF-/? is discussed below. 

TGF-/? is thought to favor chondrogenesis and osteogenesis, and it 
exerts positive effects on these cell lineages in vitro (Seyedin et al 1985; 
Pfeilschifter et al 1987); however, TGF-/? can inhibit the expression of 
osteogenic differentiation markers in some cell lines (Noda & Rodan 1 987; 
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Table 2 Effects of TGF-/?L on cell phenotype 

Effect of 

Cell type 11 Function TGF-/? b References 



Preadipocytes 
(3T3-L1, Balb/c 3T3, 
TA1) 

Skeletal muscle myo- 
blasts 

(L* U C2, BC 3 H1) 
Muscle satellite cells 
Prech ondroblasts 
Osteoblastic 

osteosarcoma 

(ROS 17/2.8) 
Osteoblasts (MC3T3L1) 

Intestinal epithelial cells 
(IEC-6) 

Megakaryocytes 

Hematopoietic 
progenitor cells 
(B6Sut-A, 32D-cl3) 

Bronchial epithelial cells 

Natural killer cells 

B-lyniphocytes 

Lymphocyte-activated 

killer cells 
Monocytes 
Macrophages 
Endothelial cells 
Keratinocytes 

Adrenocortical cells 

Leydig cells 

Granulosa cells 
Pituitary cells 
Adipocytes (TAI-i) 



Differentiation 



Differentiation 



Differentiation — 
Differentiation ~h 
Differentiation + 



Differentiation — 

Differentiation + 

Differentiation — 

Differentiation — 

associated with 

proliferation 

Differentiation + 

markers 

Cytolysis — 

Ig production — 
Cytokine production — 

Cytokine production + 

Respiratory burst — 

Invasion — 

Keratinogenesis 4- 

Steroidogenesis — 

Steroidogenesis — 

Steroidogenesis + 

FSH production + 

Lipogenesis — 



Ignotz & Massague 1985; 
Sparks & Scott 1986; 
Tortietal 1989 
Massague el al 1986; 
Olson etal 1986; 
Florini etal 1986 
Allen & Boxhorn 1987 
Seyedin et al 1985 
Pfeilschifter etal. 1987 



Noda&Rodan 1987; 
"ftoseinetal 1988 
Kurokowa et al 1987; 
Barnard etal 1989 
Ishibashi et al 1987 
Ohta et al 1987; 
Keller etal 1988; 
Ottniann & Pelus 1988 
Masui etal 1986; 
Jetten et al 1986 
Rook et al L986 
Kehrl et al 1986a 
Espevik etal 1988 

Wahl et al 1987 
Tsunawaki et al 1988 
M Oiler et al 1987 
Reiss & Sartorelli 1987; 
Mansbridge & Hanawalt 1988 
Hotta&Baird 1986; 
Feigeetal 1987 
Linn et al 1987; 
AvaDet etal 1987 
Ying et al 1986a 
Ying ct al 1986b 
Tortietal 1989 



•Continuous cell lines are indicated Ln parentheses. b -.inhibition; -f ( stimulation. 



Rosen et al 1 988)- These distinct responses might reflect genuine differences 
between osteogenic cell types. Alternatively, they might reflect a distortion 
of the normal TGF-/? response by the constraints of in vitro culture 
conditions. Of course, the latter consideration also applies to the other 
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differentiative processes that are affected by TGF-£ in vitro. In vitro 
systems may demonstrate the existence of biochemical mechanisms that 
couple TGF-/? to the control of cell phenotype, but in vivo studies are 
necessary to establish the response that activation of these mechanisms by 
TGF-/? will ultimately induce in the physiologic setting. 

Physiology and Pathology 

embryogenesis TGFs-/? are expressed throughout embryogenic devel- 
opment, and their receptors are ubiquitously distributed. This, and the 
ability of TGF-/J to control DNA replication, cell differentiation, cell 
adhesion, and extracellular matrix layout suggest a broad role for TGF-/? 
in the generation and modification of extracellular cues that guide the 
morphogemc events of embryogenesis. Thus far, however, the evidence 
that TGFs-/? play a critical role in embryogenesis remains correlative in 
nature. 

Expression of TGFs-/? is high in sites undergoing intense development 
and morphogenesis. These include sites of chondrogenesis and osteo- 
genesis: long bone growth plates or somites developing into vertebrae 
(Etlingsworth et al 1986; Heine et al 1987; Sandberg et a! 1988), hem- 
atopoietic organs (Ellingsworth et al 1986; Wilcox & Derynck 1988), and 
epithelial/mesenchymal interfaces (Lehnert & Akhurst 1988; Pelton et 
al 1989). That early embryo tissues are responsive to TGF-/? has been 
demonstrated by addition of mammalian TGF-/H (together with fibroblast 
growth factor) or TGF-/?2 to ectoderm explants from Xenopus laevis 
embryos. These additions promote the generation of mesoderm (Kimel- 
man & Kirschner 1987; Rosa et al 1988). 

TISSUE REPAIR, INFLAMMATION, AND AN GIOGENHSIS TGFs-/? Stored at high 

levels in platelets (Assoian et al 1983; Cheifetz et al 1987) or expressed in 
activated monocytes and macrophages (Assoian et al 1 987; Tsunawaki et 
al 1988) can be physiologically delivered to sites of wound healing or 
inflammation. The constant remodeling and recycling of bone matrix and 
marrow, or their repair, are accessible to control by TGFs-/? that are 
abundantly present in these tissues (Seyedin et al 1985; Thompson et al 
1989), The activity of TGF-/? as a promoter of extracellular matrix depo- 
sition and a regulator of cell migration and development probably plays 
a major influence in these processes. In addition, TGF-/H is an extremely 
potent chemoattractant for monocytes (Wahl et al 1987) and, to a lesser 
extent, fibroblasts (Postlethwaite et al 1987). TGF-£1 may attract these 
cells to sites of inflammation and repair. Indeed, administration of TGF- 
/?1 into wound chambers, subcutaneously, or to incisional wounds, stimu- 
lates the accumulation of granulation tissue and cellularization of the 
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wound bed and accelerates the wound healing response in general (Sporn 
et al 1983; Roberts et al 1986; Mustoe et al 1987). 

Directly or through other cells that it attracts and stimulates, TGF-/H 
can induce formation of new blood vessels in vivo (Roberts et al 1986). 
This response might seem paradoxical given the strong growth inhibitory 
effect of TGF-/H and TGF-/?3 on endothelial cell monolayer cultures 
(Frater-Schroder et al 1986; Heimark et al 1986; Cheifetz et al 1990). It 
has been noted, however, that under certain culture conditions endothelial 
cells are not growth-inhibited by TGF-/H and tend to organize into tubular 
structures reminiscent of an angiogenic process (Majack 1987; Madri et al 
1988). 

immunosuppression The observation that glioblastoma is frequently 
accompanied by immunosuppression led to the isolation of TGF-/?2 as a 
glioblastoma cell-derived suppressor of T cells in vitro (Wrann et al 1987; 
de Martin et al 1987). Both TGF-01 and TGF-/J2 exhibit activities in 
vitro that are consistent with an immunosuppressive action in vivo. These 
include the antiproliferative effects on thymocytes, T- and B-lymphocytes 
described above, as well as multiple negative effects on differentiated 
functions of B-lymphocytes, natural killer cells, lymphocytes activated 
killer cells, and macrophages, as described in Table 2 and references 
therein. The importance of the TGF-/? contribution to the pathophysiology 
of immunosuppression remains to be determined. 

fibrosis A localized excess of TGF-/? activity in tissues could lead to an 
unbalanced deposition of extracellular matrix and contribute to a variety 
of fibrotic disorders. A case in point is the condition known as proliferative 
vitreoretinopathy (PVR) (Connor et al 1989). PVR occurs in 10% of eyes 
that undergo surgery for retinal detachment, and it leads to excessive 
intraocular fibrosis and blindness. The levels of TGF-/? activity in PVR 
are threefold higher than normal; this activity appears to correspond to 
TGF-/?2. Injection of TGF-/? into the vitreous cavity of test animals pro- 
duces a PVR condition (Connor et al 1989). Detailed studies of other 
fibrotic disorders might reveal a wider role of TGF-/? in these disorders. 

oncogenesis Unrestricted cell growth caused by the lack of TGF-/? 
growth inhibitory activity is perhaps the most important of the possible 
consequences that would derive from a pathological loss of TGF-/? 
function. Such loss could be caused by defects in TGF-/? expression or 
activation, or defects at the TGF-/? receptor or post-receptor levels. The 
level of TGF-/? expression varies widely among normal cell lines, however, 
and many normal cell lines are unable to activate the latent TGF-/? that 
they produce in vitro. These facts generate some uncertainty in assessing 
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to what extent a low level of expression or activation of TGF-/? in a given 
tumor-derived cell type might contribute to the oncogenic transformation 
of these cells. Similar limitations exist in determining the significance of a 
lack of growth inhibitory response to TGF-/? in tumor cells since not all 
normal cells are growth inhibited by these factors. It is worth noting, 
however, that rat liver epithelial cells (McMahon et al 1986) and human 
retinoblastoma cells (Kimchi et al 1 988) do not respond to TGF-/?, whereas 
their normal counterparts are growth inhibited by this factor. 

The loss of TGF-/? receptors is a highly unusual event among some 150 
cell lines and primary cells examined, normal or transformed (Wakefield 
et al 1987; Massague et al 1990). Human retinoblastoma cells are a notable 
exception to the ubiquitous distribution of TGF-£ receptors (Kimchi et al 
1988). Eight independently derived retinoblastoma cell lines are not growth 
inhibited by TGF-/? and lack detectable TGF-/? receptors I or II (see 
below), in contrast to normal fetal retina cells, which display the full 
repertoire of TGF-/? receptors and are growth inhibited by this factor. 
It has been suggested that the lack of functional TGF-/? receptors in 
retinoblastoma cells, whose primary defect lies in the RB gene, may permit 
these tumor cells to escape growth suppression by TGF-/? in the retina 
(Kimchi et al 1988). It remains to be determined how widespread the 
absence of TGF-/? receptors is among other tumor ceil types that have a 
defective RB gene locus, and which, if any, mechanism might link RB 
function to expression of TGF-/? receptors. Other cell lines that have no 
TGF-/? receptors I or II detectable by affinity-labeling techniques include 
PC 12 rat pheochromocytoma cells and N2A mouse neuroblastoma cells 
(Kimchi et al 1988). 



TGF-/? RECEPTORS AND OTHER BINDING 
PROTEINS 

Hormonally active polypeptides are believed to act on target cells by 
binding avidly and specifically to integral membrane proteins that are 
coupled to cytoplasmic signal transducers. TGF-/? binds with high affinity 
to the surface of many cell types (Wakefield et al 1987). Covalent tagging 
of cells with radiolabeled TGFs-£ using cross-linking agents or a photo- 
reactive TGF-/? 1 analogue reveals that binding is mediated by several 
coexisting membrane proteins (Massague & Like 1985; Cheifetzet al 1986). 
Some of these proteins are likely to mediate TGF-/? action, whereas others 
may fulfill a different function. 

Two glycoproteins (receptors I and H) of 53 and 70-100 kd, respectively, 
and a membrane proteoglycan, designated betaglycan (formerly type III. 
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receptor) have been identified as the most widespread high-affinity TGF- 
/?-bmding components. Receptors I and II bind TGF-01 with higher affin- 
ity than betaglycan, and are ubiquitously present at low levels in mam- 
malian and avian cells, with the exceptions mentioned above. Betaglycan 
is broadly distributed, but it is not detectable in various cell types that 
respond to TGF-/? including skeletal muscle myoblasts, hematopoietic 
progenitor cells, and vascular endothelial cells (Massague et al 1 986, 1990; 
Ohtaet al 1987; Segarini et al 1989; Goodman & Majack 1989). Properties 
of these TGF-/J-binding components are listed in Table 3. A detailed 
review of their cellular distribution and other properties has been recently 
presented (Massague et al 1990). 

Isolation of TGF-/? receptor cDNAs has been an elusive goal. Therefore, 
formal identification of the TGF-/? receptor based on expressing its cDNA 
in receptor-defective cells has not yet been achieved. The cellular dis- 
tribution of TGF-/? receptors and, in particular, the isolation of TGF-/?- 
resistant cell mutants, however, have provided substantial evidence 
implicating receptor types I and II as components of the signal-transducing 
TGF-/? receptor complex. 

TGF-fi Receptors 

receptor components I and II The possibility that receptors I or II are 
involved in mediating TGF-/? action was first suggested by the fact that 
TGF-/?1 controls cell differentiation, collagen, and fibronectin expression 
in skeletal muscle myoblasts that express receptors I and II, but no beta- 



Table 3 Cell surface TGF-/J-binding proteins 





Type I 


Type II 


Betaglycan 


GHj protein 


Probable function 


Signal 


Signal 


TGF-/? storage 


Unknown 




transduction 


transduction 


or transport 




Ligands 


TGFs-/? 


TGFs-0 


TGFs-0 


TGFs-/?, activins 






inhibins 


Glycoprotein, kd n 


53 (65) b 


70-100 (85-110) 


200-400 


60 (70-74) 


Deglycosylated, kd c 


48 


55-75 


100-120 


60 


Carbohydrate type 8 


N-linked 


N-linked 


Glycoaminoglycans 


Unknown 






and N-linked glycans 




K D for TGF-/H 


5-50 pM 


5-50 pM 


30-300 pM 


90 pM 


Order of affinities 


/?! ~/?3 >JJ2 


fil >f3Z>p2 


/u ~/?2~/ra 


/ll > 02 Act ~ Inh 


Binding sites/cell 


Up to 4,000 


Up to 4,000 


Up to 10 s 


2,700 


Distribution 


Ubiquitous 


Ubiquitous 


Broad 


. GK y pituitary cells 



■Estimated molecular weight of the membrane glycoprotein form. b Molecular weight of the affinity- labeled 
complex is shown in parentheses. c Deduced by treatment of the protein with trilluoroinethanesiilfonic acid, 
N-glycanase, O-glycostdase, chondroitinase ABC and/or heparitinase. 
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glycan (Massague et al 1986), and inhibits proliferation of murine hem- 
atopoietic progenitor cells expressing receptor type I as the only detectable 
TGF-/?-binding component (Ohta et al 1987). 

In all avian and mammalian cell types examined, the type I TGF-/7 
receptor component is a glycoprotein of 53 kd, a value estimated by 
subtraction of the mass contributed by reduced TGF-/? to the 65 led affinity- 
labeled receptor complex (Cheifetz et al 1 986). This receptor component 
contains an N-linked carbohydrate, which is not required for cell surface 
expression of the receptor, or for TGF-/? binding, as shown after inhibition 
of co-translational glycosylation with tunicamycin (Cheifetz et al 1988a). 
Characteristically, the type I receptor discriminates between various forms 
of TGF-/? in receptor competition assays. The order of relative affinities is 
TGF-/H ~TGF-/?3 > TGF-/?1.2 > TGF-/?2, with a 10-20 fold difference 
between the affinity constants for TGF-/?1 and TGF-j32 (Cheifetz et al 
1987, 1988b, 1990; Segarinietal 1987). 

The type II receptor shares many of the characteristics of the type I 
receptor. It is also a glycoprotein with N-linked carbohydrate that is not 
required for cell surface expression or for ligand binding (Cheifetz et al 
1986, 1987, 1988a). This receptor can discriminate between the various 
forms of TGF-jS with a similar* albeit not identical, range of affinities as the 
type I receptor. Despite these similarities, comparative peptide mapping 
experiments indicate that the binding domains of these receptors are 
distinct. Unlike the type I receptor, the type II receptor shows a great 
variability in size, from an estimated 70 to 85 kd in most mammalian cells 
to 100 kd in chick embryo fibroblasts (Cheifetz et al 1986). The size 
variability in mammalian cells appears to be largely the result of differences 
in glycosylation. However, the deglycosylated polypeptide from chick 
embryo fibroblasts is 20 kd larger than the corresponding mammalian 
product (S. Cheifetz, personal communication). 

Receptor I is expressed in most of the over one hundred cell lines and 
tissues tested by affinity-labeling procedures (Massague et al 1990). Several 
murine hematopoietic progenitor cell lines (B6SUt-A, 32D-C13) that are 
growth-inhibited by TGF-/? are among the very few known cases in which 
no clearly detectable type II receptor is co-expressed with the type I 
receptor (Ohta et al 1987). These cells respond to TGF-01, 1.2, and 2 with 
an order of potencies that parallels the order of affinities of these factors 
for receptor I (Ohta et al 1987; Cheifetz et al 1988b), Human and bovine 
vascular endothelial cells, which express receptors I and II, are also growth- 
inhibited more potently by TGF-/J1 than TGF-^2 (Jennings et al 1988), 
but in this case the difference appears to result from a more rapid inac- 
tivation of TGF-/72 (Cheifetz et al 1990). Most other mammalian cell lines 
tested show similar sensitivity to various forms of TGF-/7, whether the 
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cells co-express receptors I and II alone or with betaglycan. Recent binding 
saturation studies with MvlLu mink lung epithelial cells have suggested 
the presence of a population of receptors I and II that has high affinity for 
TGF-/H, 2, and 3 and binds these factors in the concentration range that 
is sufficient for a maximal growth inhibitory response. The other, more 
abundant, receptor population has the order of affinities TGF-/J1 > TGF- 
/?3 > TGF-/?2 observed in receptor competition experiments using higher 
Hgand concentrations (Cheifetz et al 1990). The biological role of these 
spare receptors is unknown. 

experimentally induced receptor mutants The phenotype of various 
experimentally induced TGF-/J-resistant cell mutants derived from Mvl Lu 
cells provides the most persuasive evidence to date implicating TGF-/? 
receptors I and II in signal transduction (Boyd & Massague 1989; M. 
Laiho et al submitted). Parental MvlLu cells are potently (ED 50 — lpM) 
growth arrested by TGF-/? and express receptors I and II, as well as 
betaglycan. The mutant cell clones have lost all known TGF-/? responses 
including growth inhibition. With high frequency the mutations affect 
receptors I and II; however, betaglycan is not affected (Boyd & Massague 
1989; Laiho et al 1990). Some mutant clones show normal binding to the 
type II receptor, but are defective in type I receptor (R mutants), whereas 
other clones (S mutants) express all receptors in a profile identical to the 
parental cell line. A third group of mutants is defective in both the type 
I and type II receptors (DR mutants), which are either undetectable or 
present in very low levels with the type II receptor and have, in addition, 
decreased electrophoretic mobility. Analysis of somatic cell hybrids has 
indicated that all these mutant phenotypes are recessive (Boyd & Massague 
1989; M. Laiho et al submitted). The DR phenotype could be due to 
independent mutational events affecting both receptors, but a more attrac- 
tive possibility is that receptors I and II interact with each other so that 
mutations affecting the expression or structure of one receptor component 
may impair the expression or function of the other. 

a TGF-/? receptor model The phenotype of these TGF-/?-resistant cell 
mutants implicates receptors I and II as components of the receptor 
complex that mediates multiple TGF-/? responses including growth inhi- 
bition, extracellular matrix protein up-regulation, and the morphological 
response. Since receptors I and II are also present in cell lines that are not 
growth-inhibited by TGF-/?, the different responsiveness of cells to these 
factors is probably determined by the ability of the receptor to couple with 
different signaling pathways in each cell type. A model in which a single 
receptor complex with two TGF-/?-binding subunits mediates multiple 
actions of TGF-/? prevails at present over the hypothesis that the different 



622 MASSAGUE 



responses to TGF-/J are mediated by multiple unrelated receptor types. 
Given that TGFs-/? are dimeric, it is possible that a single TGF-/? molecule 
could simultaneously interact with the two receptor components I and II. 

TGF-/f receptor regulation Loss of individual TGF-/? receptors in 
retinoblastoma cells (Kimchi et al 1 988) suggests the existence of mech- 
anisms that regulate TGF-jS receptor expression. The available evidence, 
however, suggests that the expression and dynamics of TGF-/? receptors 
are in general not highly regulated. TGF-/? receptors do not appear to 
display the acute regulation by homologous and heterologous ligands that 
is commonly seen in receptors for some other growth factors. This is 
despite the fact that receptor-bound TGF-/7 is rapidly internalized and 
degraded (Frolik et al 1984; Massague & Kelly 1986). TGF-0 binding 
increases during differentiation of murine embryonal carcinoma cells 
(Rizzino 1987) and during T cell activation (Kehrl et al 1986b). Adreno- 
cortical cells show increased TGF-/? binding to all three receptor forms 
following stimulation with adrenocortico trophic hormone (Cochet et al 
1988). Loss of betagiycan, or gain of betagiycan with loss of receptors 
I and II have been described, respectively, in smooth muscle cells and 
vascular endothelial cells as a function of cell density (Goodman & 
Majack 1989; Muller et al 1987). Other investigators, however, have not 
observed effects of cell density on TGF-/? receptors in vascular endo- 
thelial cells (Segarini et al 1989). Changes in receptor profile as a function 
of cell density do not appear to be a general phenomenon (S. Cheifetz, 
personal communication). 

Betaglycans: Proteoglycans with High Affinity for TGF-f$ 

In many cell lines, the most abundant cell-surface TGF-/?-binding com- 
ponent is betagiycan (Massague 1985; Massague & Like 1985; Cheifetz et 
al 1986; Fanger et al 1986). Betagiycan is heterogeneous in nature and 
typicallyruns on SDS-polyacrylamide gels as a broad band with an average 
mass of 280-330 kd. One of the remarkable characteristics of betagiycan 
is that it is an integral membrane proteoglycan consisting of approximately 
200 kd of glycosaminoglycan (GAG) chain mass and 10 kd of N-linked 
glycans attached to a heterogeneous core polypeptide of 100-120 kd (Sega- 
rini & Seyedin 1988; Cheifetz et al 1988a). Betagiycan may contain only 
one class of glycosaminoglycan chains, but most betagiycan forms contain 
heparan sulfate as well as chondroitin sulfate GAG chains in a proportion 
that varies in different cell types (Cheifetz & Massague 1989). In some 
cell lines, betagiycan appears to be part of a disulfide-linked complex 
(Massague 1985; Fanger et al 1986). In contrast to receptors I and II, 
betagiycan shows similar affinity for TGF-/71, 2, and 3 in many cell lines 
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tested (Cheifetz et al 1987, 1988b, 1990; Cheifetz & Massague 1989), but 
one study suggests the presence of a mixed receptor population with 
different affinities for TGF-£1 and TGF-/?2 in some cell lines (Segarini et 
al 1987). 

Experiments with cell mutants defective in GAG synthesis (Cheifetz & 
Massague 1989) and the use of G AG-degrading enzymes (Segarini & 
Seyedin 1988; Cheifetz et al 1988a) have shown that the TGF-/? binding 
site resides in the betaglycan core protein and that the GAGs are not 
required for TGF-/? binding or functional expression of betaglycan on the 
cell surface. The growth inhibitory response to TGF-/? is similar in parental 
cells and the GAG-defective mutants. 

Betaglycan may belong to the recycling receptor class since it appears 
to be internalized with TGF-/?, but this does not lead to an acute down- 
regulation of cell surface betaglycan level (Massague & Kelly 1986). Beta- 
glycan forms that lack the membrane anchor are released by cultured cells 
into the medium and are found in low amounts in serum and in extra- 
cellular matrices (Andres et al 1989). The soluble forms of betaglycan also 
differ from the membrane forms in the electrophoretic mobility of their 
100-110 kd core devoid of GAG chains. It is not known whether the 
soluble form of betaglycan is derived from the membrane bound form by 
a hydrolytic process, is the product of alternative mRNA splicing, or is 
encoded by a separate gene. 

Betaglycan was the first TGF-/?-binding component to be identified as 
a putative TGF-/? receptor based on its relative abundance in 3T3 fibro- 
blasts and the correlation between biological potency and betaglycan 
affinity for various TGF-^3 forms (Massague & Like 1985; Cheifetz et al 
1987). The TGF-/? signal transducing activity is now ascribed to receptors 
I and IL Betaglycan might, however, be involved in ligand presentation to 
these receptors* Given its structural features, relative abundance, and 
secretory nature, betaglycan could function as a reservoir or clearance 
system for bioactive TGF-/?. By analogy with membrane proteoglycans 
that may participate in cell adhesion and recognition (Rapraeger 1989), it 
is possible that betaglycan could also have such adhesive functions. 

Activin-Binding Proteins 

Betaglycan and the TGF-/? receptors I and II do not recognize activins or 
inhibins. A TGF-/? binding protein that cross-reacts with inhibins and 
activins, however, has been identified by affinity-labeling of GH 3 rat pitu- 
itary tumor cells (Cheifetz et al 1988c). This protein has an estimated 
molecular weight of 60 kd (after subtracting the mass of cross^linked TGF- 
P monomer). The affinity of this receptor for TGF-/?1 (iC/ = 90 pM) is 
higher than for TGF-/?2, activin, or inhibin. These values parallel the 
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relative potency of these factors to regulate FSH production in rat pituitary 
cell cultures (Ling etal 1986; Yinget al 1986a). The presence of this receptor 
in primary pituitary cells could not be determined, and its biological 
significance remains to be determined. 

Activin receptors {K d — 30 pM, 3,200/cell) are present in murine F5- 
5 erythroleukemia celts (Hino et al 1989). Binding of activin-A to these 
receptors is not inhibited by TGF-/H, which is in agreement with the 
inability of TGF-/H to mimic activin action on erythroblastic cells (Eto et 
al 1987). Cross-linking of these receptors with radiolabeled activin yields 
two major labeled products of 67 and 76 kd, respectively; a pattern that 
is reminiscent of that for the affinity-labeled TGF-/? receptors I and II. 
This resemblance raises the possibility that receptors for the activins and 
inhibins, the TGFs-/J and, perhaps, the other factors of this large family 
have structural features in common. 

An activin-binding protein isolated from rat ovary by activin-affinity 
chromatography is follistatin (Nakamura et al 1990). Foilistatin is a soluble 
35-kd glycoprotein that was initially identified by its ability to inhibit FSH 
production by the pituitary gland, Follistatin binds activin with high 
affinity {K d = 590 pM) and blocks its FSH-inducing activity in the pituitary 
(Nakamura et al 1990). Thus the action of activin appears to be tightly 
regulated by two types of antagonists, the inhibins and follistatin. 

MECHANISM OF TGF-/? ACTION 

Based on the structural and functional homologies of the members of the 
TGF-0 superfamily, it is likely that these factors interact with a family of 
structurally related receptors. The unique range of biological activities 
displayed by these factors suggests the possibility that their signal trans- 
duction mechanisms might be quite distinct from others presently known. 

The Cytoplasmic Response 

The primary signal transduction mechanism of TGF-/? receptors is not 
known. Several efforts to determine whether enzymatic activities and 
second messengers that are directly involved in signaling by other hormone 
and growth factor receptors might be coupled to TGF-0 receptors have 
met with negative results (Like & Massague 1986; Chambard & Pouyssegur 
1988; Fanger et al 1986; J. Massague, unpublished work). Interestingly, 
agents that increase cAMP accumulation block induction of c-sis by TGF- 
jSl in vascular endothelial cells (Daniel et al 1987). Inhibition of TGF-01- 
induced c-sis expression by cholera and pertussis toxins has been reported 
in AKR-2B fibroblasts (Murthy et al 1988; Howe & Leof 1988; Howe 
et al 1990). These toxins catalyze ADP-ribosylation and inactivation of 
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guanine nucleo tide-binding proteins (G proteins), which, are involved in 
coupling certain hormone receptors to effector molecules. Both toxins can 
inhibit the mitogenic response of AKR-2B fibroblasts to TGF-/31, but do 
not alter other TGF-/? responses or TGF-/31 binding to receptors (Howe 
etall990). 

Activation of glycolysis, amino acid uptake, intracellular calcium levels, 
and phosphatidyl inositol turnover have been observed in rat fibroblasts 
in response to TGF-/? (Boerner et al 1985; Inman & Colowick 1985; 
Muldoon et al 1988). The effect of TGF-01 on these parameters does not 
show the rapid kinetics characteristic of the response to certain hormones 
and pharmacologic agents. Furthermore, the elevation of cytosolic calcium 
and accumulation of inositol triphosphate appear to require gene tran- 
scription (Muldoon et al 1988), which indicates that these cytoplasmic 
responses are not directly coupled to TGF-j? receptors. TGF-/H can also 
stimulate prostaglandin E 2 production in lung fibroblasts (Diaz et al 1989) 
and cultured mouse calvaria (Tashjian et al 1985). 

The Nuclear Response 

A basis for the diversity, sometimes disparity, of the biological responses 
induced by TGF-/? in different cell types, or in the same cell type under 
different conditions, can be gleaned from studies on the control of gene 
expression by these factors. The expression of an array of genes related to 
growth control, differentiation, and cell adhesion can be markedly altered 
within 0.5 to 3 hr of addition of TGF-/? to cells. Although post-tran- 
scriptional events (Raghow et al 1987; Penttinen et al 1988; Morrone et al 
1989) may contribute to this response, TGF-/? frequently controls gene 
expression at the transcriptional level, either positively (Ignotz et al 1987; 
Dean et al 1988; Lund et al 1987; Rossi et al 1988; Machida et al 1988; 
Kerr et al 1988; Thompson et al 1988; Kim et al 1989a, 1 990) or negatively 
(Kerr et al 1988, 1990; Pietenpol et al 1990). The nature of the nuclear 
response to TGF-0 is quite complex, but the accumulating evidence leads 
to the following conclusions. 

First, TGF-/? can regulate different transcriptional control elements. 
Furthermore, different TGF-/?-responsive elements can coexist in the same 
gene promoter. For example, transcriptional activation by TGF-/?1 is 
mediated by a NF-1 binding site in the collagen cc2(I) gene promoter (Rossi 
et al 1988), by multiple AP-1 binding sites in the TGF-/J1 gene promoter 
(Kim et al 1990), and by three distinct elements in the fibronectin gene 
promoter. One of the elements in the fibronectin gene promoter is a NF-l 
binding site; its deletion results in only a partial decrease in transcriptional 
activation by TGF-/?(D. C. Dean, S. Bourgeois, personal communication). 

Second, cell-specific determinants dictate the type of response of a par- 
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ticular gene to TGF-/?. For example, transcription of c-jun and junB can 
be elevated by TGF-/?, but whether one or both of these genes will respond, 
and with what kinetics, depends on the cell type (Pertovaara et ai 1989; 
Kim et al 1990; Li et ai 1990). A survey of numerous integrins has shown 
that expression of most of them can be elevated by TGF-/71 action, but 
only a subset of the integrins expressed in a given cell type may respond 
to this factor (Heino et al 1989; Ignotz et al 1989). Expression of the a 3 
integrin subunit in MG-63 osteosarcoma cells is inhibited by TGF-01 even 
though TGF-/J1 elevates expression of this integrin subunit in other cell 
types and elevates expression of otheT integrins in MG-63 cells (Heino & 
Massague 1989). These responses appear to be at the transcriptional level 
(M. Bosenberg et al, unpublished), and it will be interesting to determine 
how TGF-/? controls positive or negative regulatory elements in each cell 
type. 

Third, some of the genes whose expression is regulated by TGF-£ encode 
transcription factors {c-jun, junB, fos y myc\ growth factors (PDGF-A, 
PDGF-B), or other products that can, in turn, generate a secondary 
nuclear response. Several of the proliferative and difFerentiative effects of 
TGF-/? probably follow from this secondary wave of nuclear events. 

Growth Suppression Mechanisms 

Various mechanisms have been proposed to explain the growth inhib- 
itory action of TGF-/?. Several reports have tentatively attributed this 
action to the ability of TGF-/? to decrease expression of mitogen recep- 
tors, e.g. EGF receptors in NRK rat fibroblasts (Assoian 1985), or PDGF 
receptors in bone marrow fibroblasts and 3T3 fibroblasts (Bryckaert 
et al 1988; Gronwaid et al 1989). These effects may contribute to the 
growth-inhibitory response in some cell types, but evidence argues that 
they do not represent a general mechanism of growth inhibition by TGF- 
0. Thus EGF-induced proliferation of lung epithelial cells and lung fibro- 
blasts is arrested by TGF-/H without altering EGF binding or an array of 
EGF-induced growth-related responses including activation of plasma 
membrane H + /Na + antiport, induction of c-fos and c-myc expression, 
activation of protein kinase C, or phosphorylation of ribosomal protein 
S6 (Like & Massague 1986; Chambard & Pouyssegur 1988 and personal 
communication). One report proposed that inhibition of NRK fibroblast 
proliferation is secondary to the action of collagen overproduced in 
response to TGF-/J1 (Nugent & Newman 1989). Accumulation of a col- 
lagen-rich extracellular matrix in response to TGF-/?1 may affect the 
long term proliferative capacity of these cells, but the rate of collagen 
accumulation in fibroblasts is too slow to mediate rapid effects on the cell 
cycle. 
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Other approaches have focused on identifying cell cycle events that are 
directly controlled by TGF-/? action. TGF-01 has been shown to inhibit 
the expression of certain growth- related genes, particularly c-myc, in endo- 
thelial cells, colon carcinoma cells, keratinocytes, and breast carcinoma 
cells (Takehara et al 1987; Fernandez-Pol et al 1987; Coffey et al 1988; 
Mulder et al 1988). TGF-/J1 inhibits c-myc gene transcription in mouse 
keratinocytes stimulated by EGF (Coffey et al 1988; Pietenpol et al 1990). 
This effect is involved in the growth inhibitory response of keratinocytes 
to TGF-y? (Pietenpol et al 1990). No negative response of c-myc has 
been observed in. fibroblasts whose proliferation is blocked by TGF-/H 
(Chambard & Pouyssegur 1988; Sorrentino & Bandyopadhyay 1989). 
Although TGF-01 can increase the expression of c-fos, c-jun and JunB, 
these responses do not appear to correlate with effects, on cell proliferation 
(Pertovaara et al 1989; Kim et al 1990; Heino & Massague 1990). 

TGF-/? inhibits cell cycle progression by lengthening or arresting the Gl 
phase (Shipley et al 1985; Nakamura et al 1985; Heimark et al 1986; P. 
Lin et al 1987). In MvlLu lung epithelial cells, TGF-/H acts by interfering 
with late Gl events (Laiho et al 1990). Significant among these events 
is phosphorylation of the retinoblastoma gene product, RB. The retino- 
blastoma gene encodes a product with presumptive growth suppressor 
activity (Dryja et al 1985; Friend et al 1986; Fung et al 1987; Lee et al 
1987). In normal cells, RB is expressed throughout the cell cycle, but exists 
in multiple phosphorylated forms that are specific for certain phases of 
the cycle (Ludlow et al 1989; DeCaprio et al 1989; Buchkovich et al 1989; 
Chen et al 1989). It is thought that the cell cycle regulatory (suppressive) 
activity of RB is regulated by cell cycle-dependent phosphorylation and 
dephosphorylation events (Buchkovich et al 1989; DeCaprio et al 1989; 
Ludlow et al 1990). Underphosphorylated RB is the form with presumed 
growth suppressive activity since it is prevalent in Gl and in growth- 
arrested cells (DeCaprio et al 1989; Buchkovich et al 1989; Chen et al 

1989) and is selectively bound by the transforming protein of SV40 virus 
T antigens which might inactivate it (Ludlow et al 1989). 

Studies based on these new insights have shown that TGF-/H added to 
lung epithelial cells in mid to late Gl rapidly prevents the phosphorylation 
of RB scheduled for this time point and arrests cells in cycle (Laiho et al 

1990) . Furthermore, expression of T antigen in MvlLu cells does not 
prevent the effect of TGF-J? on RB phosphorylation, but prevents the 
growth inhibitory response presumably by blocking the growth suppressive 
activity of unphosphorylated RB. The extent of inhibition of RB phos- 
phorylation induced by TGF-/U in several cell lines (A549 lung adeno- 
carcinoma, MG-63 osteosarcoma, BSC-1 monkey kidney epithelial cells) 
is proportional to the intensity of their growth inhibitory response to TGF- 
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01. These findings suggest that TGF-/H and RB function in a common 
growth inhibitory pathway in which TGF-01 acts to retain RB in the 
underphosphorylated, growth suppressive state. 

Differentiation Control Mechanisms 

The events that commit cells to terminal differentiation have begun to be 
defined. A family of myogenic differentiation genes, including MyoDl, 
myogenin, Myf-5 and myd (Davis et al 1987; Pinney et al 1988; Wright 
et al 1989; Braun et al 1989), are expressed at high levels during the 
differentiation process, and induce cell commitment to a muscle phenotype. 
The MyoDl , myogenin and Myf-5 products have a domain with predicted 
homology to the helix-loop-helix motif of Myc. This structure is implicated 
in protein dimerization (Davis et al 1987; Wright et al 1989; Braun et al 
1989), in binding to certain muscle gene enhancers (Lassar et al 1989a), 
and in transcriptional activation of muscle-specific genes (Weintraub et al 

1989) . Expression of myogenin differentiation genes might be the subject 
of regulation by factors that control myogenic differentiation, such as 
TGF-01. Indeed, TGF-/71 has been shown to repress transcription of 
MyoDl in 23 A2 mouse myoblasts (Vaidja et al 1989) and to prevent 
elevation of myogenin mRNA in L 6 E 9 rat myoblasts (Heino & Massague 

1990) . These responses may relate to the ability of TGF-/H to up-regulate 
Jun expression since overexpression of v-Jun (P. Vogt & H. Su personal 
communication) or its associated protein, Fos (Lassar et al 1989b), are 
incompatible with myogenic gene expression. 

Given the prominent role that myogenin plays in myoblast differentiation 
(Wright et al 1989), the ability of TGF-01 to prevent up-regulation of 
myogenin mRNA is likely to participate in the inhibition of L 6 E 9 myoblast 
differentiation by this factor, however, additional mechanisms may be 
involved in the anti-myogenic action of TGF-01. This possibility is sug- 
gested by the observation that fibroblasts rendered competent to differ- 
entiate by forced expression of MyoDl or myogenin fail to differentiate in 
the presence of TGF-/?1 (Vaidja et al 1989; Heino & Massague 1990). The 
nature of the alternative mechanism has been suggested by the observation 
that L 6 E 9 myoblasts respond to TGF-01 with a marked elevation of type 
I collagen synthesis and deposition in the matrix (Massague et al 1986; 
Ignotz et al 1987), and L 6 E 9 myoblasts plated on a collagen-rich matrix 
do not differentiate even though their myogenin mRNA level increases 
several-fold (Heino & Massague 1990). Cell adhesion is a determinant of 
L6 myoblast differentiation, as shown by the ability of an anti-integrin 
antibody to block this differentiation process (Menko & Boettiger 1987). 
Thus inhibition of myoblast differentiation by TGF-/S1 appears to be 
accomplished by two mechanisms acting in concert. One of these mech- 
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anisms leads to a block in the expression of a myogenic differentiation 
gene, such as myogenin in L 6 E 9 cells. The other mechanism is Ukely to 
involve TGF-0-induced changes in cell adhesion that either block the 
action of myogenic differentiation gene products or prevent the function 
of other as yet unknown components of the myogenic differentiation 
pathway. 



PROSPECTS 

The TGF-0 gene superfamily undoubtedly will be more complex than we 
presently know it. Systematic searches for TGF-/?-related factors as well 
as serendipitous findings will soon outdate the information in Table 1. 
Current work is also aimed at gaining an understanding of the mechanisms 
that regulate expression of the various TGF-/?-related factors, control 
activation of their latent forms, and their storage and clearance after 
release. This information is required to exploit the complex biology of 
these factors for therapeutic purposes. The spectrum of unique actions 
of the TGFs-0 suggests a plethora of potential useful applications in 
medicine, but more knowledge and a better understanding of the biological 
and chemical properties of these factors is needed to use them effectively. 

Some of the major tasks that lie ahead relate to the elucidation of the 
mechanisms of action of TGF-0-related factors and the determinants of 
cellular responsiveness to them. How can TGF-/? regulate diverse tran- 
scriptional control factors and orchestrate a distinct pleiotropic nuclear 
response in each cell type? If, as the emerging evidence indicates, the 
components that drive the cell cycle are so remarkably conserved m organ- 
isms from yeast to humans, how can cells vary so much in theiT proliferative 
response to TGF-0? Are the differences dictated by unique sets of bio- 
chemical components that couple TGF-/3 receptors to gene expression and 
cell cycle control mechanisms in each cell type? The identification of the 
primary structures of the TGF-/J receptors is Ukely to be accomplished 
soon This should help identify the signal transduction components, and 
components beyond these, in the pathway ofTGF-/3 action. We anticipate 
a great deal of excitement as the study of the TGFs-/?, one of the most 
fascinating networks of intercellular communication by polypeptide 
factors, unfolds. 
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development and homeostasis of most tissues in metazoan organisms. Work over 
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work. This network involves receptor serine/threonine kinases at the cell surface 
and their substrates, the SMAD proteins, which move into the nucleus, where they 
activate target gene transcription in association with DNA-binding partners. Dis- 
tinct repertoires of receptors, SMAD proteins, and DNA-binding partners seem- 
ingly underlie, in a cell-specific manner, the multifunctional nature of TGF-/3 
and related factors. Mutations in these pathways are the cause of various forms 
of human cancer and developmental disorders. 
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INTRODUCTION 

The transforming growth factor /J (TGF-/J) family comprises a large number 
of structurally related polypeptide growth factors, each capable of regulating a 
fascinating array of cellular processes including cell proliferation, lineage deter- 
mination, differentiation, motility, adhesion, and death. Expressed in complex 
temporal and tissue-specific patterns, TGF-/J and related factors play a promi- 
nent role in the development, homeostasis, and repair of virtually all tissues 
in organisms, from fruitfly to human. Collectively, these factors account for a 
substantial portion of the intercellular signals governing cell fate. 

TGF-£ and related factors are multifunctional agonists whose effects de- 
pend on the state of responsiveness of the target cell as much as on the factors 
themselves. Given this multifunctional nature, it is not surprising, in retro- 
spect, that the gradual discovery of these factors .over the past 15 years has been 
made through very disparate lines of investigation. For example, the founding 
member of the family, TGF-/J1, was identified as a regulator of mesenchymal 
growth and, separately, as an antimitogen in epithelial cells (see Table 1 for ref- 
erences). Activins were identified as endocrine regulators of pituitary function 
and, independendy, as inducers of mesoderm in frogs. Bone morphogenetic 
proteins (BMPs) were identified as bone repair factors and, independendy, as 
dorsalizing agents in Drosophila. 

A listing of the current members of the TGF-/J family and their most represen- 
tative activities is presented in Table 1 along with citations of articles that review 
in depth the discovery and biology of these factors. Based on sequence compar- 
isons between the bioactive domains, the TGF-/J family can be ordered around 
a subfamily that includes mammalian BMP2 and BMP4 and their close homo- 
logue from Drosophila, Dpp. All other known family members progressively di- 
verge from this group, starting with the BMPS subfamily, followed by the GDF5 
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Table 1 The transforming growth factor fi (TGF-£) family and representative activities 2 



Names [Homologues] 


% 


Representative activities (References) 


BMP2 subfamily 






BMP2 [Dpp 1 ^] 


100 


Gastrulation, neurogenesis, chondrogenesis, interdigital 






dpopiobib, in irog. mesoaeiui patterning, in ny. oorsanzaiion, 






{>\jf* c ti rye ( 1 *\ \ 


BMP5 subfamily 






BMP5 [60 A u ] 


61 


Along with BMPs 2 and 4, this subfamily participates in the 


"RMPfSA/prl 

JJIYLTLV V lii 1 


L> i 


ucvciupiiiciii 01 neariy ail organs, many roies 






in neurogenesis. \i y £) 


BMP8/OP2 


55 




\jLsr d s iiv j cimiiy 






OXJr^3/V_.LJiVLr 1 


D / 


Chondrogenesis in developing limbs. (1,4) 


GDF6/CDMP2 


54 




GDF7 


57 




\7 o 7 atnTfimirxi 

vgj. & U-Uj ciffii-iy 






vji_-t l L v g i J 


AO 


• 

Vgl: axial mesoderm induction in frog and fish. (4) 


ULTj/ V gT.£ 






BMP3 subfamily 






X5 "\/TT^^ ff\ctf±r\ nonin 

13 ivir j / ob ico gen J II 




Osteogenic differentiation, endochondral bone formation, 




HO 


monocyte cnemotaxis. \p ) 


Intermediate members 






Nodal [Xnr 1 to 3 X ] 


42 


Axial mesoderm induction, left-right asymmetry. (1,6) 


Dorsaiin 


40 


Regulation of cell differentiation within the neural tube. (7) 


frDFR 


A\ 

■*+ 1 


inniDition or SKejeiai muscie growtn. {<$) 


GDF9 






Activin subfamily 






Activin 0A 


42 


Pituitary follicle-stimulating hormone (FSH) production, 


Activin /JB 


42 


erythroid cell differentiation; in frog, mesoderm 


Activin pC 


37 


induction. (3,9, 10) 


/AL-L1V1I1 pc 






7GF-£ subfamily 






TGF-£1 


35 


Cell cycle arrest in epithelial and hematopoietic cells, control of 


TGF-£2 


34 


mesenchymal cell proliferation and differentiation, wound 


TGF-/33 


36 


healing, extracellular matrix production, immunosuppression. 






(11-14) 


Distant members 






MIS/AMH 


27 


Mtillerian duct regression. (15, 16) 


Inhibin a 


22 


Inhibition of FSH production and other actions of activin. (9, 10) 


GDNF 


23 


Dopaminergic neuron survival, kidney development. (17) 



a All members listed have been identified in human and/or mouse. In brackets, important homologues from 
Drosophila ( D ) and Xenopus ( x ). %, percent of amino acid identity with human bone morphogenetic protein 
(BMP)2 over the mature polypeptide domain. GDF, growth and differentiation factor. CDMP, cartilage -derived 
morphogenetic protein. MIS/AMH, Mullerian inhibiting substance/anti-MuIlerian hormone. GDNF, glial cell- 
derived neurotrophic factor. 
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Figure J The transforming growth factor p (TGF-£)/SMAD pathway. Binding of a TGF-£ family 
member to its type II receptor (7 ) in concert with a type I receptor (2) leads to formation of a receptor 
complex (J) and phosphorylation of the type I receptor (4). Thus activated, the type I receptor 
subsequently phosphorylates a receptor-regulated SMAD (R-Smad) (5), allowing this protein to 
associate with Smad4 (6) and move into the nucleus (7). In the nucleus, the SMAD complex 
associates with a DNA-binding partner, such as Fast-1 (&), and this complex binds to specific 
enhancers in targets genes (9), activating transcription. 



(growth and differentiation factor 5) subfamily, the Vgl subfamily, the BMP3 
subfamily, various intermediate members, the activin subfamily, the TGF-jS 
subfamily, and finally several distantly related members (Table 1) (1-17). 

This review is devoted to a major accomplishment in this field over the past 
few years: the elucidation of a general mechanism by which TGF-/J and related 
factors activate receptors at the cell surface and transduce signals to target genes 
(Figure 1). Some of these genes encode immediate effectors of ultimate cellular 
responses, such as cell cycle regulators that mediate antiproliferative responses 
or extracellular matrix components that determine cell adhesion, positioning, 
and movement. TGF-/J and related factors regulate gene expression by bringing 
together two types of receptor serine/threonine protein kinases. One of these 
kinases phosphorylates the other, which in turn phosphorylates SMAD proteins. 
SMADs are a novel family of signal transducers that move into the nucleus 
and generate transcriptional complexes of specific DNA-binding ability. This 
review focuses on the structure and function of the TGF-/3 receptor family and 
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the SMAD family, their mechanisms of activation and regulation, and their 
disruption in human disease. 

SIGNALING RECEPTORS 

TGF-/? and related factors signal through a family of transmembrane protein 
serine/threonine kinases referred to as the TGF-/? receptor family. This family 
came to light with the cloning of an activin receptor (18), now referred to 
as ActR-II, with properties similar to those of TGF-fi receptors identified in 
ligand cross-linking studies (19) and genetically implicated in TGF-fi signal 
transduction (20). The cloning of ActR-II also revealed a striking similarity 
between this molecule and Daf-1, a previously identified orphan receptor from 
Caenorhabditis elegans (21). These findings provided the basis and impulse 
for the rapid identification of many other members of this receptor family. 

Extensive evidence has accumulated to indicate that TGF-/J family members 
signal through receptor serine/threonine kinases. One exception is the glial 
cell-derived neurotrophic factor (GDNF), which signals through the receptor 
tyrosine kinase Ret (17). GDNF was included in the TGF-/? family because 
it has a set of cysteines that are characteristic of this family (22). However, 
GDNF is the most divergent family member and shows very little sequence 
similarity to other members (see Table 1). The next most divergent member, the 
Miillerian inhibiting substance (MIS; also known as anti-Miillerian hormone, 
AMH), signals through a TGF-yS receptor family member, AMHR (23). GDNF 
therefore is in a class of its own aligned with the structurally diverse group of 
factors that signal through receptor tyrosine kinases. 

Type I and II Receptor Families 

Based on their structural and functional properties, the TGF-/3 receptor family 
is divided into two subfamilies: type I receptors and type II receptors (Figure 2). 
Type I receptors have a higher level of sequence similarity than type II recep- 
tors, particularly in the kinase domain. Vertebrate type I receptors form three 
groups whose members have similar kinase domains and signaling activities. 
In mammals, one group includes T/2R-I, ActR-IB, and ALK7, another includes 
BMPR-IA and -IB, and the third includes AJLK1 and ALK2. 

As a result of being simultaneously cloned by different groups, most type I 
receptors have received different names. One practice has been to use the neutral 
nomenclature ALK (activin receptor-like kinase) and to adopt a more descrip- 
tive name when the physiological ligand becomes known. Thus, the TGF-£ 
type I receptor originally known as ALK5 (24) is now called T/JR-I (25). 
ActR-EB (previously also known as ALK4) (26) is an activin type I receptor (27), 
and BMPR-IA and -EB (previously known as ALK3 and ALK6, respectively) are 
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Figure 2 Type I and II TGF-yS receptor families. In type I receptors, the protein kinase domain 
is preceded by the GS domain (GS). The characteristic GS sequence motif of T£R-I is shown, 
indicating the phosphorylation sites and the FKBP12-binding site. Listed members are from 
vertebrates unless otherwise indicated: D, Drosophila; C, Caenorhabditis elegans; X, Xenopus. 
The dendrograms indicate the relative level of amino acid sequence similarity in the kinase domain. 
Over this domain, ActR-II and Daf-4 have 40% sequence identity, and ActR- IB and Tkv have 60% 
identity. 



BMP receptors (28,29). Mammalian ALK7 (30,31) and the related receptor 
XTrR-I from Xenopus (32) have no known ligand. ALK1 (also known as 
TSR-I) binds TGF-£ (33) but does so more weakly than T£R-I (34) and is 
not known to mediate a TGF-)8 response (33). ALK2 is commonly referred 
to as ActR-I because it can bind activin and mediate certain activin responses 
in cultured cells (28, 33). However, the identity of its physiological ligand is 
a point of debate. ActR-I can also bind BMP2 and 4 (35, 36), and its mouse 
homologue can bind TGF-£ when overexpressed (34, 37). Experiments using 
Xenopus embryo explants have shown that ActR-I/ALK2 mimics the mesoderm 
ventralizing activity of BMP4 but not the effects of activin or TGF-/J, which 
suggests that ActR-I may function as a BMP receptor in vivo (39). Based on 
its expression pattern, it has been suggested that ALK2 may also function as an 
MIS/AMH type I receptor (38). 

In vertebrates, the type II receptor subfamily includes T/JR-II, BMPR-II, 
and AMHR, which selectively bind TGF-/J (40), BMPs (36,41,42), and MIS 
(23,43), respectively. ActR-II and -IIB bind activins when expressed alone or 
in concert with activin type I receptors (18, 44, 45). However, ActR-II and -IIB 
can bind BMPs 2, 4, and 7 and GDF5 in concert with BMP type I receptors 
(28,46,47). 

Members of the TGF-/3 receptor family in invertebrates include Thick veins 
(Tkv) and Saxophone (Sax), which act as a Dpp type I receptors in Drosophila 
(48_51). Tkv most closely resembles the mammalian BMPR-I receptors, 
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whereas Sax is somewhat closer to mammalian ALK1 and ALK2. Punt acts as a 
Dpp type II receptor in concert with Tkv or Sax (52, 53). ATR-I is a Drosophila 
type I receptor closely related to mammalian T/3R-I and ActR-IB (54). ATR-I 
can bind human activin, but its real ligand is unknown. In C. elegans, larval 
development is controlled by Daf-1 (21) and Daf-4 (55), which are thought to 
be type I and II receptors, respectively, for the BMP-like ligand Daf-7 (56). 

Structural Features of the Receptors 

THE EXTRACELLULAR DOMAIN Type I and II receptors are glycoproteins of ap- 
proximately 55 kDa and 70 kDa, respectively, with core polypeptides of 500 to 
570 amino acids including the signal sequence (1 8, 26, 40, 44, 57). The extracel- 
lular region is relatively short (approximately 150 amino acids), N-glycosylated 
(58, 59), and contains 10 or more cysteines that may determine the general fold 
of this region. Three of these cysteines form a characteristic cluster near the 
transmembrane sequence (54). The spacing of other cysteines varies and is 
more conserved in type I receptors than in type II receptors. 

The transmembrane region and the cytoplasmic juxtamembrane region of 
type I and II receptors have no singular structural features. However, Ser213 
in this region of T/iR-II is phosphorylated by the receptor kinase in a ligand- 
independent manner and is required for signaling activity (60). Serl65 in the 
juxtamembrane region of T£R-I is phosphorylated by T£R-II in a ligand- 
dependent manner, and this appears to selectively modulate the intensity of 
different TGF-/3 responses (61). 

THE GS DOMAIN A unique feature of type I receptors is a highly conserved 30- 
amino acid region immediately preceding the protein kinase domain (Figure 2). 
This region is called the GS domain because of a characteristic SGSGSG se- 
quence it contains (62). Ligand-induced phosphorylation of the serines and 
threonines in the TTSGSGSG sequence of T^R-I by the type II receptor is 
required for activation of signaling (61-63), and the same happens with the 
activin type I receptor ActR-IB (64). Immediately following the SGSGSG 
sequence, all type I receptors have a Leu-Pro motif that serves as a binding 
site for the immunophilin FKBP12 (65,66). FKBP12 may act as a negative 
regulator of the receptor signaling function. The penultimate residue in the GS 
domain, right at the boundary with the kinase domain, is always a threonine 
or a glutamine. As shown with Tj8R-I (63) and several other type I receptors 
(46, 64, 67-69), mutation of this residue to aspartate or glutamate endows the 
receptor with elevated kinase activity in vitro and constitutive signaling activity 
in the cell. Thus, the GS domain is a key regulatory region that may control the 
catalytic activity of the type I receptor kinase or its interaction with substrates. 

THE KINASE DOMAIN The kinase domain in type I and II receptors conforms 
to the canonical sequence of a serine/threonine protein kinase domain (18, 24). 
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Consistent with this, type I receptors have been shown to phosphorylate their 
substrates — SMAD proteins — on serine residues (68, 70), whereas type II re- 
ceptors phosphorylate themselves and type I receptors on serine and threonine 
residues but not tyrosine residues (40, 61-63, 71, 72). Autophosphorylation of 
T/JR-II on tyrosine has been observed in vitro but not in vivo (73). 

Conserved residues that in the crystal structure of other protein kinases co- 
ordinate ATP phosphate groups are essential for the activity of type I and II 
receptor kinases. These residues include a universally conserved ^3-strand ly- 
sine (27, 74) and G2 1 7 in the glycine loop of T£R-I (75). The regulatory region 
known as the T loop in other protein kinases (76) contains two serines in T£R-II 
whose phosphorylation may enhance or inhibit the signaling activity of the re- 
ceptor (60). A region of interest in the kinase domain of type I receptor kinases 
is the L45 loop that links two putative f$ strands. Replacement of the L45 loop 
in ActR-I with the L45 loop from T£R-I allows it to mediate TGF-£ responses 
(77). Therefore this region may be involved in substrate recognition. 

Type II receptors typically contain a very short C-terminal extension follow- 
ing the kinase domain, whereas type I receptors have essentially no C-terminal 
extension. Exceptions are the C elegans receptor Daf-4 (55) and an alternative 
form of human BMPR-II (36,41,42,78) that has long C-terminal extensions 
of unknown function. The C-terminal extension of T/3R-II is phosphorylated 
(61), but its deletion does not impair signaling (79). This is in contrast to the 
important role that the C-terminal tail plays in signal transduction by tyrosine 
kinase receptors (80). 

RECEPTOR variants Some members of the TGF-£ receptor family exist in 
alternative forms. These forms arise from the presence or absence of the follow- 
ing: a 25-amino acid insert following the signal sequence in T/JR-II (81, 82), 
a 61 -amino acid insert in the same position in AMHR-II (23), two alternative 
N-terminal regions in Tkv (49, 50), two alternative extracellular juxtamem- 
brane regions in ATR-I (54), small inserts in the extracellular and intracellular 
juxtamembrane regions of ActR-IIB (44), and a long C-terminal extension in 
BMPR-II (36, 41, 42, 78). The presence of the extracellular insert in ActR-IIB 
increases the affinity for activin (44). The functional significance of the other 
receptor variants is unknown. 

LIGAND-RECEPTOR INTERACTIONS 
The Binding ofLigand to Signaling Receptors 

LIGAND STRUCTURE: IMPLICATIONS FOR BINDING The bioactive forms of 
TGF-£ and related factors are dimers held together by hydrophobic interactions 
and, in most cases, also by an intersubunit disulfide bond (83). Each monomer 
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contains three disulfide bonds interlocked into a tight structure known as the 
cystine knot (83). Insights into the possible regions of receptor contact are 
provided by the crystal structures of TGF-£2 (84, 85) and BMP7/OP-1 (86), 
the solution structure of TGF-/J1 (87), and mutational analysis of TGF-/J1 and 
TGF-/32 (88). The dimeric structure of these ligands suggests that they function 
by bringing together pairs of type I and II receptors, forming heterotetrameric 
receptor complexes. The pairing of receptors may be further specified by natu- 
rally occurring heterodimeric ligands such as TGF-£1.2 (19), TGF-£2.3 (89), 
and activin AB (90). The recombinant heterodimer BMP-4/7 is more potent in 
bioassays than BMP4 or BMP7 homodimers (91). 

No species specificity has been described in the ligand-receptor interac- 
tions of the TGF-£ system. Dpp receptors and Daf-4 can bind human BMPs 
(49, 50, 55), dpp phenotypes in flies can be rescued with a human BMP4 trans- 
gene (92), and recombinant Dpp can induce endochondral bone formation in 
mammals (93). 

TWO MODES OF BINDING TGF-/J and related factors activate signaling by 
binding to and bringing together pairs of type I and II receptors. Two general 
modes of binding ligand have been observed (Figure 3). One mode involves 
direct binding to the type II receptor and subsequent interaction of this complex 
with the type I receptor, which, in effect, becomes recruited into the complex. 
This binding mode is characteristic of TGF-/? and activin receptors. Type I 
receptors for these factors can recognize ligand that is bound to the type II 
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Figure 3 Two modes of ligand binding: (a) sequential binding, (Jb) cooperative binding. The 
ligands that bind according to each mode are listed together with the type I and II receptor combi- 
nations that they recognize. TGF, transforming growth factor; BMP, bone morphogenetic protein; 
GDF, growth and differentiation factor, MIS, Mullerian inhibiting substance. 
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receptors but not ligand that is free in solution (24, 33, 37, 72). This pheno- 
menon was originally revealed by the receptor phenotype of TGF-/?— resistant 
cell mutants (20, 94). TGF-fi 1 can bind to T^R-II in cell mutants lacking T£R-I 
but cannot bind to Ty3R-I in mutants lacking T£R-IL Restoration of T^R-II 
ligand-binding function, either by somatic fusion of a T£R-I defective cell with 
a T£R-H defective cell (95) or by transfection of a T£R-II cDNA (74), restores 
TGF-£ binding to T0R-L Furthermore, recombinant TfiR-U binds TGF-£1 in 
solution (96-98). Like T£R-II, the type II receptors ActR-II (18), ActR-IIB 
(44, 45), and AMHR (23) also bind ligand when transfected in the absence of 
a type I receptor. Indeed, the original cloning of T/3R-II (40) and ActR-II (18) 
was based on the ability of these receptors to bind ligand when overexpressed 
Ln COS cells. 

The second binding mode is typical of BMP receptors and is cooperative, in- 
volving type I and II receptors that bind ligand with high affinity when expressed 
together but low affinity when expressed separately (36,41,42, 47) (Figure 3). 
Thus, BMPs 2, 4, and 7 and GDF5 bind weakly to the type II receptor BMPR- 
II expressed alone (36,41,42,47) and to the type I receptors BMPR-IA or 
BMPR-IB expressed alone (29, 35) or in solution (99). ActR-II and -IIB are 
bona fide activin receptors that on their own bind BMP poorly if at all. How- 
ever, ActR-II and -IIB can bind BMPs 2 and 7 in cooperation with BMPR-IA 
or BMPR-IB (28). This interaction mirrors what is observed with the Dpp 
receptor system. The Dpp type II receptor Punt, which is more closely related 
to ActR-II and -IIB than it is to BMPR-II, can recognize human activin (100). 
However, genetic evidence indicates that Punt acts as a Dpp receptor, and this 
evidence led to the finding that Punt binds Dpp or BMP poorly on its own but 
well in the presence of Tkv or Sax (52). 

Accessory Receptors: Betaglycan and Endoglin 
The original search for cell surface TGF-£-binding proteins using ligand cross- 
linking methods revealed the existence of binding proteins that were classified, 
according to their molecular weight, as type I and type II receptors (reviewed 
above) and type III receptors (19). Type III receptors detected by ligand cross- 
linlcing turned out to correspond to either one of two related proteins, betaglycan 
or endoglin (101-103). The evidence to date suggests that type III receptors 
do not have an intrinsic signaling function but regulate TGF-£ access to the 
signaling receptors. There is no concrete evidence for type HI receptors for 
other TGF-^3 family members. 

betaglycan Betaglycan is a membrane-anchored proteoglycan (58,104) 
with an 853-amino acid core protein (101, 102) that carries heparan sulfate 
and chondroitin sulfate glycosaminoglycan (GAG) chains attached to Ser535 



TGF-yS SIGNALING 763 



and Ser546 (105, 106). In the cell, betaglycan appears to exist as noncolalent 
homodimers (107). GAG chains are not required for betaglycan to reach the cell 
surface or to bind TGF-/J, as revealed by studies using cell mutants defective in 
GAG synthesis (108) and betaglycan mutants defective in GAG attachment sites 
(105, 106). However, GAG chains of betaglycan can bind fibroblast growth fac- 
tor (109). The cytoplasmic region of betaglycan is short (43 amino acids) and 
lacks any discernible signaling motif (101, 102). This region is not required 
for the TGF-fi binding and presentation functions of betaglycan (105), and 
its function remains unknown. The highest level of sequence similarity be- 
tween betaglycan and endoglin is found in the cytoplasmic and transmembrane 
domains (110). 

TGF-ft binding activity has been demonstrated in separate N-terminal and 
C-terminal domains of the extracellular region of betaglycan (105, 11 1, 112). 
The N-terminal domain has sequence similarity to the corresponding region in 
endoglin (110). The C-terminal extracellular domain contains the GAG attach- 
ment sites (105) and shows sequence similarity to a region of the major urinary 
protein uromodulin, the pancreatic zymogen granule protein GP-2, and the 
sperm receptors Zp2 and Zp3 (113). The entire extracellular region of betagly- 
can may be shed into the medium (114), and it may act as a TGF-/3 antagonist, 
inhibiting binding to membrane receptors (105). 

Betaglycan binds all three TGF-fi forms with high affinity (115, 116) and 
facilitates TGF-yS binding to the type II receptor (102, 117), forming a beta- 
glycan/TGF-£/T£R-II complex in the process (117,118). The role of betagly- 
can as a facilitator of TGF-/3 binding to the signaling receptors is most evident 
with TGF-/J2. Like TGF-/3 1 and -£3, TGF-02 signals through T^R-I and T£R- 
II (74, 95). However, unlike them, TGF-02 has low intrinsic affinity for T0R-II 
(1 16) and is less potent than TGF-/31 in hematopoietic progenitor cells (1 19), 
myoblasts (117), and endothelial cells (116) that lack betaglycan. Transfection 
of betaglycan augments TGF-^2 binding and activity in these cells (1 17, 120). 
The ability of betaglycan to equalize the potency of all three TGF-0 forms raises 
the possibility that betaglycan may not only concentrate TGF-fi at the cell sur- 
face but may also stabilize TGF-^s in a conformation optimal for binding to 
the signaling receptors. 

ENDOGLIN Endoglin is a cell surface molecule expressed at high levels in 
endothelial cells and at lower levels in monocytes, erythroid precursors, and 
other cell types (103, 121). Two splice variants of the cytoplasmic region give 
rise to human endoglin forms of 625 and 658 amino acids (122), each forming 
disulfide-linked dimers (103, 122). The sequence similarity between endoglin 
and betaglycan prompted an analysis of TGF-0 binding to endoglin. This re- 
vealed that endoglin binds TGF-01 and -03, but unlike betaglycan, it does not 
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bind TGF-^2 (110). As with betaglycan, complexes between endoglin and 
TGF-/3 receptors have been observed (123). 

However, the role of endoglin in TGF-/? binding to signaling receptors is 
unclear. The TGF-jS binding activity of endoglin is limited compared to that 
of betaglycan and is increased by coexpression of Ty3R-IL In fact, endoglin 
overexpression can diminish rather than enhance TGF-/? responses in mono- 
cytes (121). As mentioned below, mutations in endoglin and ALK1 give rise to 
similar human disorders (124-126). Endoglin and ALK1 therefore might act 
in the same pathway, with endoglin facilitating ligand binding to ALKL Given 
the weak TGF-/?-binding activities of both receptors, the common endoglin 
and ALK1 ligand may not have been identified yet. 

Latent Ligands and Soluble Inhibitory Proteins 
The activity of TGF-/J and related factors is negatively regulated by various 
soluble proteins that prevent their interaction with membrane receptors (see 
Figure 6). 

THE LATENT TGF-£ COMPLEX Like all other members of its family, TGF-£ is 
synthesized as the C-terminal domain of a precursor form that is cleaved before 
secretion from the cell (127, 128). However, the TGF-/J propeptide, which is 
referred to as the latency associated peptide (LAP), remains noncovalently 
bound to TGF-/J after secretion, retaining TGF-/? in a latent form that cannot 
bind to betaglycan or the signaling receptors (129). Most cell types secrete 
TGF-/J in this biologically inert form (12). Although LAP may be destroyed 
in the process of TGF-/J activation, recombinant LAP retains TGF-£ masking 
ability, and its injection in mice can inhibit endogenous TGF-^1 action (130). 

A third component of the latent TGF-/? complex is a large secretory glycopro- 
tein known as latent TGF-£-binding protein (LTBP), which is disulfide-linked 
to LAP (131). LTBP is not required for the latency of the TGF-£ complex but 
is implicated in the secretion, storage in the extracellular matrix, and eventual 
activation of this complex (131). LTBP comprises several forms generated from 
two genes and by alternative splicing: LTBP-1 in short and long forms (132) 
and LTBP- 2 (133). Structurally, LTBPs contain a core of epidermal growth fac- 
tor (EGF) repeats and eight-cysteine motifs organized in a fashion resembling 
fibrillin- 1 and -2 — two microfibrillar proteins whose mutations cause Marfan's 
syndrome and congenital contractural arachnodactyly, respectively (133). Like 
fibrillins, LTBP undergoes cross-linking by transglutaminases, forms fibrillar 
structures, and associates tightly with the extracellular matrix in mesenchymal 
and endothelial cells (134). 

In tissue culture, LTBP associated with the extracellular matrix mediates 
storage of latent TGF-£ and facilitates its activation (134, 135). Latent TGF-£ 
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can be activated in vitro by acid, alkali, heat, limited proteolysis, or incu- 
bation by glycosidases (131). In tissue culture, activation of latent TGF-/J 
may involve a combination of steps including the following: LAP proteolysis, 
binding to the mannose 6-phosphate/type II insulin-like growth factor receptor 
(Man6P/IGFR-H) via a mannose 6-phosphate group in LAP, cell-cell interac- 
tions between endothelial and vascular smooth-muscle cells, and binding to 
thrombospondin (131, 134-136). However, the physiological activation mech- 
anism or mechanisms remain to be defined. 

THE INHIBIN a CHAIN Inhibin is the name given to heterodimers between the 
inhibin a chain and an inhibin/activin ft chain (137). Inhibin was identified 
as an inhibitor of follicle- stimulating hormone (FSH) production in pituitary 
cultures (9). The subsequent identification of activins as ^-chain dimers with 
biological activities opposite those of inhibin led to the idea that inhibins and 
activins are mutual antagonists (9). Because inhibin can compete for binding 
to the activin receptors ActR-II and -KB (18, 44), it might antagonize activin by 
binding to its receptors without triggering signaling, either by failing to recruit 
type I receptors or by failing to achieve their activation (138, 139). The inhibin 
ot chain therefore can be regarded as an inhibitor that functions by associating 
with (i chains generating activin receptor antagonists. However, some effects 
of inhibin could be mediated by as yet unidentified inhibin receptors. 

THE activin INHIBITOR FOLLISTATIN Follistatin is a soluble glycoprotein 
originally identified for its ability to inhibit pituitary FSH production (140) 
and later found to bind activin (141). Follistatin prevents activin binding to 
cell surface receptors (142). Paracrine as well as endocrine anti-activin ef- 
fects of follistatin have been demonstrated in diverse tissues in mammals and 
Xenopus (140, 143-145). Follistatin can also bind to BMP-7, albeit with lower 
affinity than to activin (28), and may antagonize BMP signaling in vivo (145). 
Mammalian follistatin exists in forms of 288 and 315 amino acids generated by 
alternative splicing (146, 147). Follistatin is expressed in diverse mammalian 
tissues during development and in the adult (148-150) and in the Spemann's 
organizer in Xenopus embryos (145). 

THE BMP inhibitors NOGGIN AND CHORDIN/SOG The Spemann's organizer, a 
signaling center at the dorsal lip of the Xenopus gastrula blastopore, secretes 
BMP antagonists — noggin and chordin — which allow neighboring cells to de- 
velop as neural or dorsal mesoderm rather than epidermal or ventral mesoderm 
tissues (151, 1 52). Although noggin and chordin are of unrelated primary struc- 
ture, both bind BMP4 (but not TGF-fi or activin), preventing its interaction 
with cell surface receptors (151, 152). Noggin, a 222-amino acid polypeptide 
that is secreted as a homodimer, was the first such antagonist to be identified 
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(153). In the mouse, a noggin homologue is expressed in specific regions of the 
nervous system (154). Chordin has four cysteine-rich repeats similar to those 
found in thrombospondin, al procollagen, and von Willebrand factor (155). 
In Drosophila, the short gastrulation gene product, Sog, is the structural and 
functional homologue of chordin (156-158) and prevents Dpp from signal- 
ing through its receptors (159). The structural differences between noggin and 
chordin may result in different abilities to diffuse from their source, interact 
with extracellular matrix, and/or recognize different members of the large and 
complex BMP subgroup. 

MECHANISM OF RECEPTOR ACTIVATION 

Studies on the mechanism of activation of serine/threonine kinase receptors 
have centered on TGF-/J receptors. However, to the extent that these studies 
have been replicated with activin and BMP receptors, the same basic activation 
mechanism appears to operate in these receptors as well. 

The Basal State 

BASAL PHOSPHORYLATION The TGF-jS type I receptor, T/JR-I, is not phos- 
phorylated in the basal state (62), but T^SR-H, Act-R-II, and ActR-IIB are 
(40, 62, 64, 71, 160). Their basal phosphorylation is on serine residues and is 
partially retained in kinase-defective receptor mutants (62, 64). Some of the 
sites involved are in the C-terminal tail. Their functional significance is un- 
clear: In one study, deletion of this entire region had no detectable effect on 
receptor signaling (79). Phosphorylation of other sites within T/JR-II is depen- 
dent, directly or indirectly, on the activity of the receptor kinase (62, 64). In 
T£R-II, these sites include a serine in the juxtamembrane region and serines 
in the T-loop region of the kinase domain, and their phosphorylation modulates 
the signaling activity of T£R-II (60). What regulates the phosphorylation of 
these sites is not known. 

BASAL RECEPTOR oligomerization The oligomeric state of endogenous 
TGF-/J receptors is not known, but studies with transfected epitope-tagged 
receptors indicate that T/2R-II can form ligand-independent homo-oligomers 
(107, 161). These complexes are thought to prime the formation of the het- 
eromeric T£R-I/T)8R-II receptor complex upon ligand binding. 

Type I and II receptors have intrinsic affinity for each other, as manifested 
by the spontaneous association of T£R-I and T/3R-II when overexpressed in 
insect cells or coincubated in vitro as recombinant proteins (96). In the ab- 
sence of ligand, T£R-I and T/3R-II (162) or ActR-IB and ActR-IIB (64) can 
form active complexes when overexpressed in mammalian cells. This inter- 
action is mediated, at least in part, by the cytoplasmic regions because these 



TGF-£ SIGNALING 767 



regions interact in a yeast two-hybrid system (36,78,96,160). However, in 
transfected cells expressing moderate levels of TGF-/? receptors (62) or activin 
receptors (138), the heteromeric receptor complex and, in particular, the phos- 
phorylation and activation of the type I receptor are highly dependent on ligand 
binding. 

FKBP12 BINDING The cytoplasmic domain of diverse type I receptors inter- 
acts with FKBP12 in yeast (36, 163, 164) and mammalian cells (66, 165, 166). 
FKBP12 is an abundant 12-kDa cytosolic protein with cis-trans peptidyl-prolyl 
isomerase (rotamase) activity (167). FKBP12 binds different proteins, some on 
its own and some as a target of various natural or synthetic immunosuppressants. 
On its own, FKBP12 binds to the ryanodine receptor and the inositol 1,4,5- 
triphosphate receptor, stabilizing the calcium channeling activity of these pro- 
teins (168, 169). In complex with the drug FK506, FKBP12 binds calcineurin, 
inhibiting calcineurin's phosphatase activity and thus its ability to activate the 
transcription factor NF-AT in the T-cell receptor signal transduction pathway 
(170). In complex with rapamycin, FKBP12 binds FRAP/RAFT, inhibiting its 
activity as a kinase in mitogenic signal transduction (171, 172). 

FKBP12 binding to T^R-I inhibits TGF-/J signaling (66, 166) by inhibiting 
T)8R-I phosphorylation by T/JR-II within the oligomeric receptor complex (66). 
FKBP12-receptor interaction is mediated by the active site of FKBP12 (66, 166) 
and a conserved Leu-Pro motif adjacent to the phosphorylation sites in the GS 
domain of the receptor (65, 66) (Figure 2). FKBP12 binds to the TGF-£ type I 
receptor in the basal state and appears to be released upon TGF-^S-induced 
formation of the receptor complex (66, 166). Mutant T/JR-I receptors defective 
in FKBP12 binding have elevated basal signaling activity but normal signaling 
activity in the presence of ligand (66). Therefore, one function of FKBP12 
may be to guard against spurious activation of TGF-/J signaling by ligand- 
independent encounters of type I and II receptors. 

OTHER RECEPTOR-BINDING PROTEINS TRIP-1 was identified as a TjSR-II- 
interacting protein in a yeast two-hybrid screen (173). TRIP-1 contains several 
WD domains that may mediate protein-protein interactions, but the role of 
TRIP-1 is unknown. The interaction of TRIP-1 and T£R-II in mammalian 
cells is independent of ligand, requires the kinase activity of the receptor, and 
causes TRIP-1 phosphorylation (173). 

The T/JR-I cytoplasmic domain can interact with the farnesyl transferase-a 
subunit when both components are overexpressed in yeast or mammalian cells 
(164, 174, 175). It has been suggested that TGF-/J may signal by regulating far- 
nesyl transferase activity (174). However, this notion is controversial because 
the TGF-/3 receptor does not associate with the farnesyl transferase holoenzyme 
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(175). Furthermore, cells do not show a change in farnesyl transferase acti- 
vity or in the farnesylation pattern of specific proteins in response to TGF-/? 
(175). 

The Activated State 

RECEPTOR COMPLEX formation Signals emanate from a TGF-£ type I re- 
ceptor when it is phosphorylated by its activator, the type II receptor. As first 
shown with TGF-£ receptors (74), ligand binding induces the formation of a 
heteromeric complex of type I and II receptors (24, 25, 27, 33, 36, 41 , 62, 64, 74, 
138, 176) (Figure 1). Given the dimeric nature of the ligands, each monomer 
might contact one type I receptor and one type II receptor, thereby generating a 
heterotetrameric receptor complex. Indeed, that the ligand-induced heteromeric 
complex contains two or more type I receptor subunits and two or more type II 
receptor subunits is suggested by analysis of TGF-/J receptor complexes on 
two-dimensional gel electrophoresis (25), coprecipitation of receptors contain- 
ing distinct epitope tags (75), and genetic complementation between mutant 
type I receptors (75). The TGF-/J receptor complex is extremely stable upon 
solubilization, resisting dissociation by ionic detergents and chaotropic agents 
(62). Formation of this complex is required for signaling. Using chimeric re- 
ceptor constructs containing Tj8R-I and T/JR-H kinase domains in different 
configurations, signaling is achieved only when type I and II receptor kinase 
domains are brought together (177-179). 

TYPE n RECEPTOR KINASE ACTIVITY Ligand binding does not increase the 
overall phosphorylation of the type II receptors T/JR-II, ActR-II, or ActR-HB 
or their kinase activity in vitro (62, 64, 7 1, 162). Thus, type II receptors might be 
constitutively active kinases that require the ligand to interact with the type I re- 
ceptor as a substrate. One caveat with this notion is that these studies have been 
done with moderately overexpressed receptors. It remains possible that type 
II receptors expressed at endogenous levels may undergo a ligand-induced in- 
crease in kinase activity. In any case, even when moderately overexpressed, type 
II receptors require ligand to phosphorylate their substrates, type I receptors. 

TRANSPHOSPHORYLATION Formation of the ligand-induced receptor complex 
rapidly leads to phosphorylation of the type I receptor (Figure 1), as demon- 
strated with TGF-p (62, 162) and activin receptors (64, 180). This phospho- 
rylation is catalyzed by the type II receptor, as shown by coexpression of 
wild-type and kinase-defective type I and II receptors in different combina- 
tions (62, 64, 162). Ty3R-I is phosphorylated by T^R-II at serine and threonine 
residues in the sequence TTSGSGSGLP of the GS domain (61-63) (Figure 2), 
and similar sites are phosphorylated in ActR-EB by activin type II receptors 
(64). In addition to these sites, Ty3R-II mediates phosphorylation of Serl65 in 
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the juxtamembrane region of TySR-I — a phosphorylation that may positively 
or negatively affect various TGF-yS responses (61). T£R-I can catalyze its 
own phosphorylation in vitro, but there is no evidence that this occurs in vivo 
(63, 72, 75). 

Signal Flow in the Receptor Complex 

The events that transduce TGF-£ signals start with type II receptor-mediated 
activation of the type I receptor. This receptor then phosphorylates and activates 
SMAD proteins, which carry the signal to the nucleus. This model is based on 
several lines of evidence. Mammalian cell mutants defective in either TySR-I 
(94) or TySR-H (20) lack a wide range of TGF-£ responses. These responses 
are recovered in somatic hybrids between these two mutant phenotypes (95) 
or by transfection of the corresponding wild-type receptor (24, 72, 74). Work 
in Drosophila provides additional genetic evidence that Dpp signaling requires 
both type I and type n receptors (52, 53). Phosphorylation of serines and thre- 
onines in the GS domain of TySR-I is required for signaling (61-63). Alanine 
or valine mutations of any of these sites in TySR-I does not prevent phospho- 
rylation of the other sites or receptor activation (63). However, mutation of 
three or more of these sites to alanine, valine, or acidic residues in T/SR-I or 
ActR-IB prevents phosphorylation and signal transduction (63, 64, 180). Sig- 
naling is also inhibited when TySR-I phosphorylation is prevented by mutations 
in T£R-I or T^R-II that impair recognition of Tj8R-I as a substrate (75, 181), 
or by FKBP12 binding to the Leu-Pro motif in the GS domain (66). 

A role of the type I receptor as the downstream signaling component in the 
receptor complex was originally inferred from the observation that the kinase 
activity of T/?R-I is required for signal transduction and yet its substrate is 
neither T£R-I nor T£R-II (62). It was also shown that different type I receptors 
determine distinct responses to the same agonist (27, 182). Key evidence for a 
downstream role of the type I receptor was provided by the fact that hyperactive 
forms of Ty6R-I (63), ActR-IB (64), BMPR-IA and -IB (46, 68, 69), and Tkv 
(46, 67), generated by a mutation in the GS domain, have constitutive signaling 
activity in vivo. Signaling by hyperactive Tj8R-I also has been demonstrated 
in T^R-H-defective cells (63). The ability of purified BMP type I receptor 
to directly phosphorylate the activation sites of Smadl in vitro (68) provides 
compelling evidence that in TGF-yS receptor complexes, the signal flows from 
the type II receptor to the type I receptor and on to SMADs. 

It is not clear whether activation of the type I receptor is based on an increase 
in its kinase activity, the appearance of substrate binding sites, or a combina- 
tion of these two mechanisms. The hyperactive form T/3R-I(T204D) has higher 
autokinase activity in vitro (63), suggesting that receptor activation may involve 
an increase in intrinsic kinase activity. On the other hand, it has been shown that 
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T£R-I activation results in Smad2 binding to the receptor complex (70, 183), 
suggesting that receptor activation may result in the generation of substrate 
docking sites. 

In theory, the type II receptor could also signal independently of the type I 
receptor by phosphorylating other, as yet unidentified, signal-transducing sub- 
strates. However, no TGF-/J responses have been described in cells lacking 
type I receptors. Overexpression of dominant-negative T/JR-II receptor con- 
structs can eliminate all TGF-/3 responses tested (79, 184) or only part of the 
TGF-/3 responses tested (185), depending on the assay conditions. Responses 
requiring a low level of signaling activity may be triggered by a residual level 
of activity in cells expressing dominant-negative receptors. 

SMAD PROTEINS 

The proteins of the SMAD family are the first identified substrates of type I 
receptor kinases and play a central role in the transduction of receptor signals 
to target genes in the nucleus (Figure 1). 

SMADs as Mediators ofTGF-f3 Signaling 

The founding member of the SMAD family is the product of the Drosophila 
gene Mad (mothers against dpp) (186). Mad was identified in a genetic screen 
for mutations that exacerbate the effect of weak dpp alleles (187), and its dis- 
covery led to the identification of many related genes in nematodes and verte- 
brates. Three Mad homologues were identified in C. elegans and called sma-2, 
-5, and -4 because their mutation causes small body size (188). Shortly there- 
after, many homologues were described in vertebrates and named SMADs (for 
SMA/MAD related). DPC4 (for "deleted in pancreatic carcinoma locus 4"), 
a gene frequently mutated or deleted in pancreatic cancer (189), also referred 
to as Smad4, was one of the first reported human SMADs. Human, mouse, 
and/or frog Smads 1-8 were cloned by screening EST (expressed sequence 
tag) databases or cDNA libraries for Mad homologues (46, 183, 190-198). 
Smad2 was idependently identified in a cDNA expression cloning screen for 
inducers of mesoderm formation in Xenopus embryos (199). Smads 6 and 7 
were identified as shear stress-induced genes in endothelial cells (200). 

Initial evidence that SMADs function downstream of TGF-/J receptors was 
provided by the ability of Mad mutations to inhibit signaling by a hyperactive 
Tkv receptor construct (46, 67). The most compelling evidence came from the 
observation that in response to TGF-/J and related agonists, SMADs are phos- 
phorylated (46, 183, 192-194, 201), accumulate in the nucleus (46, 191, 199), 
and become transcriptionally active (191). This body of evidence placed SMADs 
squarely downstream of TGF-£ receptors. 
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Figure 4 The SMAD family. Listed members are from vertebrates unless otherwise indicated. 
Vertebrate SMADs are highly conserved between human and Xenopus. The dendrogram indicates 
the relative level of amino acid sequence identity between vertebrate SMADs. The highly conserved 
MH1 and MH2 domains are indicated. Receptor-regulated SMADs are directly phosphorylated by 
TGF-y3 family type I receptors, and this phosphorylation allows association with a collaborating 
SMAD (co-SMAD). Antagonistic SMADs inhibit this SMAD activation process. 



SMAD Subfamilies and Their Functions 

Based on structural and functional considerations, SMADs fall into three sub- 
families (Figure 4): (a) SMADs that are direct substrates of TGF-/J family 
receptor kinases, (b) SMADs that participate in signaling by associating with 
these receptor-regulated SMADs, and (c) antagonistic SMADs that inhibit the 
signaling function of the other two groups. 

Among the receptor-regulated SMADs, Smadl and presumably its close ho- 
mologues Smad5 and Smad8 are substrates for BMPR-I (68) and mediators of 
BMP signals (46, 1 90, 1 9 1 , 202, 203, 203a). Smads 2 and 3 are T£R-I substrates 
(70, 183) and mediators of TGF-£ and activin signals (190, 193, 195, 199, 201, 
204). When overexpressed in Xenopus early embryos, Smadl mimics the abil- 
ity of BMP4 to ventralize mesoderm (190, 191, 202), whereas Smad2 mimics 
dorsal mesoderm induction and axis formation by activin (190, 199). In mam- 
malian epithelial cells, Smads 2 and 3 mediate growth inhibition and transcrip- 
tional activation of TGF-fi and activin reporter genes (183, 201). Mad andSma's 
2 and 3 also belong to this subfamily; they act as mediators of Dpp receptor 
signals (205) and Daf-4 signals (188), respectively. 

Signaling by receptor-regulated SMADs requires the participation of a col- 
laborating SMAD. The only known member of this group in vertebrates is 
Smad4. Smad4 associates with receptor-regulated SMADs when these be- 
come phosphorylated by the corresponding receptors (68, 183,201, 206). Al- 
though Smad4 is similar to the receptor-regulated SMADs in overall structure, 
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it normally is not phosphorylated in response to agonists. Smad4 is required for 
Smad2- or Smad3-dependent growth inhibitory responses in mammalian cells, 
and a dominant-negative Smad4 construct interferes with Smadl and Smad2 
signaling in frog embryos and mammalian cells (183, 201). Smad4, therefore, 
participates in TGF-/J, activin, and BMP signaling pathways as a shared part- 
ner of receptor-regulated SMADs. The Medea (206a-c) and Sma-4 (188) gene 
products from Drosophila and nematode are close homologues of Smad4, and 
they may fulfill a similar function in these organisms. 

Human Smads 6 and 7 and Drosophila Dad are a subfamily of structurally di- 
vergent SMADs whose only known activity is to inhibit the signaling function 
of receptor-activated SMADs. Smad6 preferentially inhibits BMP signaling 
(196, 207), Smad7 can inhibit TGF-fi and BMP signaling (197, 208), and Dad 
inhibits Mad signaling (209). Additional SMADs have been identified in ne- 
matode, but their functional properties are complex, as inferred from genetic 
analysis (210). 

Structural Features of SMADs 

THE MHl DOMAIN SMAD proteins contain highly conserved N-terminal and 
C-terminal domains (referred to as N and C domains, or MHl and MH2 do- 
mains, respectively) and an intervening linker region that is of variable length 
and sequence (Figure 5). The MHl domain has approximately 130 amino acids 
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Figure 5 SMAD domains and their functions. In the basal state, SMADs form homo-oligomers 
and remain in an inactive state through an interaction between the MHl and MH2 domains. 
Receptor-regulated SMADs interact with activated type I receptors via the MH2 domain and be- 
come activated by receptor-mediated phosphorylation at the C-terminal SS(V/M)S motif. In the 
activated state, SMADs associate with Smad4 and with DNA-binding proteins via the MH2 do- 
main. The MHl domain of some SMADs also participates in DNA binding, and the MH2 domain 
participates in transcriptional activation. MAP kinases phosphorylate some SMADs in the linker 
region, inhibiting SMAD accumulation in the nucleus. 
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and is highly conserved in receptor-regulated SMADs and Smad4 but not in in- 
hibitory SMADs. In the basal state, the MH1 domain inhibits the transcriptional 
(191) and biological (199) activities of the MH2 domain. This inhibitory effect 
is likely due to the interaction between these two domains. Indeed, the MH1 
domains of Smads 2 and 4 can physically interact with the respective MH2 do- 
mains, and overexpression of either MH1 domain as a separate protein can pre- 
vent the TGF-jS-induced association of Smad2 and Smad4 MH2 domains (206). 

The MH1 domain does not have a purely inhibitory function because it has 
DNA-binding activity in the activated state. The DNA-binding activity of the 
Mad MH 1 domain is required for Dpp-induced activation of an enhancer within 
the vestigial wing-patteming gene (211). Likewise, the Smad4 MH1 domain 
contributes to the DNA-binding activity of a Smad2-Smad4 transcriptional com- 
plex (212). The DNA-binding activity of the Mad MH1 domain is inhibited 
by the presence of the MH2 domain (211), suggesting that the MH1 and MH2 
domains may inhibit each other's function in the basal state. The contribution 
of the MH1 domains to the DNA-binding affinity and specificity of SMAD 
transcriptional complexes may vary depending on the particular target gene. 

THE MH2 domain This domain contains receptor phosphorylation sites (in 
receptor-regulated SMADs) (68, 70), has effector function (191, 199), and is in- 
volved in several important protein-protein interactions (Figure 5). The canon- 
ical MH2 domain is about 200 amino acids long and contains a characteris- 
tic insert in the case of Smad4 and Sma-4 (183). Interactions between MH2 
domains support the homo-oligomeric complexes that SMADs from all three 
subfamilies form in the basal state (201,206,207,213,214). The MH2 do- 
mains also mediate the association of receptor-regulated SMADs with type I 
receptors (70), with Smad4 upon receptor-mediated phosphorylation (206), and 
with DNA-binding factors (212, 215) (see below). The Smad2 MH2 domain is 
biologically active in frog mesoderm induction assays (199), and when fused 
to the DNA-binding domain of GAL4, the MH2 domains of Smadl and Smad2 
display agonist-independent transcriptional activity (191, 212). Smads 1 and 2 
require the presence of the Smad4 MH2 domain to activate transcription (212). 
In the case of antagonistic SMADs, the MH2 domain is sufficient for their 
inhibitory effect (200, 207). 

The crystal structure of the Smad4 MH2 domain has provided insights into 
the basis for some of these interactions (214). The Smad4 MH2 domain forms 
a homotrimer in the crystals, and Smad4 forms a trimer in solution. Each 
monomer consists of a -sandwich core flanked by three or-helices in a bundle 
on one side and several loops and an a-helix on the other side. The trimer 
interfaces are formed by extensive contacts between the three-helix bundle of 
one monomer and the loops on the adjacent monomer. Tumor-derived mutations 
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in these interfaces destabilize and inactivate the homotrimer (see below). The 
trimer has the shape of a disc with the linker region emerging from one face. 
A loop referred to as the L3 loop protrudes from each monomer on the other 
face, and an a -helix referred to as helix-2 protrudes from each monomer on 
the edge of the disc. The L3 loops and the helix-2 may be sites for interaction 
with other proteins. Indeed, mutations in the L3 loop prevent Smad2 from 
interacting with the TGF-fi receptor (217) and Smad4 from interacting with 
Smad2 (214). Based on sequence similarities, the overall structure of the MH2 
domain is likely to be conserved in the other SMADs. Smads 6 and 7 lack 
the region corresponding to the third helix of the bundle, so they may form a 
different type of monomer-monomer interface (207). 

THE LINKER REGION The linker region is highly variable in size and sequence. 
This region contributes to the formation of SMAD homo-oligomers (206, 213). 
In receptor-regulated SMADs, the linker region contains MAP-kinase phos- 
phorylation sites (216). As discussed below, phosphorylation of these sites in 
response to MAP-kinase activation inhibits nuclear translocation of SMADs. 

SIGNALING THROUGH SMADs 

In the basal state, SMADs exist as homo-oligomers that reside in the cytoplasm 
(Figures 1 and 6). Upon ligand activation of the receptor complex, the type I 
receptor kinase phosphorylates specific SMADs, which then form a complex 
with Smad4 and move into the nucleus. In the nucleus, these complexes, either 
alone or in association with a DNA-binding subunit, activate target genes by 
binding to specific promoter elements. 

SMADs as Receptor Substrates 

PHOSPHORYLATION SITES SMADs are serine-phosphorylated in response to 
agonists, as shown with Smadl in response to BMP2 or 4 (46, 68), Smad2 in 
response to TGF-£ or activin (70, 193, 201), and Smad3 in response to TGF-/J 
(183,204). Although the kinetics of this phosphorylation are relatively slow 
(f 1/2 ~ 5 min) when transfected SMADs are used, evidence shows that SMADs 
are direct substrates of the receptors. Smadl is phosphorylated by highly pu- 
rified, bacterially expressed BMPR-I kinase domain (68), Smad2 by immuno- 
precipitated TGF-£ receptor complexes (70), and Smad3 by a T/3R-I kinase 
preparation (183). 

In vitro and in vivo, receptor-mediated phosphorylation occurs at serines in 
the C-terminal motif SS(V/M)S of Smadl (68) or Smad2 (68, 70). This mo- 
tif is also present in Smads 3, 5, and 8; Drosophila Mad; and C. elegans 
Smas-2 and -3. However, it is not present in the Smad4 subfamily or the 
inhibitory SMADs. This is consistent with the commonly observed lack of 
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Figure 6 A model for generation of diverse gene responses by the SMAD system and their negative 
regulation. Smads 1, 5, and 8 are BMP receptor substrates and mediators of BMP gene response, 
whereas Smads 2 and 3 are substrates and mediators of TGF-fi and activin receptors. Hypotheticaily 
each SMAD complex associates with different sequence-specific DNA-binding factors, of which 
Fast- 1 is the first known example, and activates a distinct set of target genes. Negative regulation is 
provided by growth factor-sequestering proteins, FKBP12 binding to type I receptors, antagonistic 
SMADs, and SMAD phosphorylation by MAP kinases (in gray boxes). LAP, latency associated 
peptide. 



agonist-induced phosphorylation in Smads 4, 6, and 7 (183, 196, 197, 201, 207, 
208). Mutation of the serines in this sequence inhibits receptor-mediated phos- 
phorylation of Smads 1 and 2 in vivo and in vitro and their association with 
Smad4 (68), accumulation in the nucleus (68,70), interaction with DNA- 
binding proteins (212), and mediation of transcriptional responses (68,70). 
Therefore, phosphorylation of this motif is required for SMAD activation. 

SMAD-RECEPTOR association Smad2 and Smad3 become transiently and se- 
lectively associated with the activated TGF-£ receptor complex (70, 183, 217). 
This interaction is required for Smad2 phosphorylation because docking-def- 
ective Smad2 mutants are not phosphorylated in response to TGF-fi (70, 217). 
The Smad2 phosphorylation sites themselves along with the adjacent sequence 
in the 1 1-amino acid C-tail region are not required for this interaction (217). In 
fact, phosphorylation of these sites appears to facilitate Smad2 dissociation from 



776 MASSAGUE 



the receptor, as either phosphorylation-defective Smad2 mutants or a kinase- 
defective TGF-y8 type I receptor mutant enhances SMAD-receptor association 
(70, 217). The transient nature of the SMAD-receptor interaction is consistent 
with the role of SMADs as carriers of receptor signals into the nucleus. 

Mutational analysis of Smads 1 and 2 has identified their L3 loops as critical 
determinants of receptor docking interactions (217). The integrity of the L3 
loop is necessary for interaction with the receptor and sufficient to dictate the 
specificity of this interaction. The L3-loop sequence is invariant among TGF- 
^-activated Smads (Smads 2 and 3) and BMP-activated Smads (Smads 1, 5, 9 
and Mad) but differs at two positions between these two groups. Switching these 
two amino acids switches Smadl and Smad2 activation by BMP and TGF-/?, 
respectively. However, the isolated L3 loop is not sufficient to fully support this 
interaction. The SMAD-receptor interaction may require cooperativity provided 
by the oligomeric state of both the receptors and the SMADs. 

Activated SMAD Complexes 

Receptor-phosphorylated SMADs associate with Smad4, which functions as a 
shared partner required for transcriptional activation (Figure 6). Smadl asso- 
ciates with Smad4 in response to BMPR-I activation (68, 201) and with Smads 2 
and 3 in response to T/JR-I or ActR-IB activation (201, 204). Smad4 can asso- 
ciate with these SMADs in yeast, which suggests that the interaction is direct 
(206). Based on structural considerations and the observation that mutations 
in the Smad4 L3 loop abolish the ability of Smad4 to associate with Smad2, 
the Smad4 L3 loop appears to mediate the association with receptor-activated 
SMADs (214). SMAD L3 loops, therefore, are implicated in two distinct 
types of interactions: (a) interaction with the receptors in the case of receptor- 
regulated SMADs and (b) interaction with receptor-activated SMADs in the case 
of Smad4. Functional interactions between receptor-regulated SMADs and a 
Smad4 family member may also occur in Drosophila (187) and C. elegans (188). 

Nuclear Localization and Its Regulation 

Nuclear translocation of receptor-activated SMADs occurs with kinetics that 
closely follow those of the agonist-induced phosphorylation and association 
with Smad4. Nuclear translocation of Smads 1 and 2 does not require Smad4, 
as determined using Smad4-defective cells (212). Smad4 is also translocated 
into the nucleus in response to TGF-£ or BMP (204, 212), and this translocation 
requires the presence of Smadl or Smad2 (212). Thus, it appears that receptor- 
activated SMADs bind Smad4 in the cytoplasm and carry it into the nucleus 
(212). 

As central mediators of TGF-/J family signals, SMADs are subject to dif- 
ferent types of regulatory mechanisms that integrate and adapt their signaling 
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potential to the status of the cell. One mode of regulation is by phosphory- 
lation of MAP-kinase sites in the linker region, inhibiting the accumulation 
of SMADs in the nucleus (216) (Figure 6). Agonists that activate Erk MAP 
kinases, such as epidermal growth factor (EGF) and hepatocyte growth factor, 
rapidly induce phosphorylation of Smadl at serines in four PXSP motifs in 
the linker region. This phosphorylation is catalyzed by Erk MAP kinases and 
occurs independently of BMP receptor-mediated phosphorylation of Smadl. 
Erk- mediated phosphorylation inhibits nuclear accumulation of Smadl with- 
out interfering with the association of Smadl with Smad4. BMP responses that 
depend on nuclear accumulation of Smadl are antagonized by activation of the 
Erk MAP-kinase pathway (216). This mechanism may underlie the ability of 
EGF to oppose osteogenic differentiation by BMP2 or the ability of fibroblast 
growth factor (FGF) to oppose the effect of BMP2 during limb bud outgrowth, 
digit formation, or tooth development (216). Other receptor-regulated SMADs 
also have potential MAP-kinase phosphorylation sites in their linker region. 
SMAD regulation by MAP kinases may therefore be a general phenomenon in 
the regulation of TGF-/? signaling. 

Transcriptional Complexes 

The ability of SMADs to activate transcription was originally detected through 
the use of GAL4-Smad fusion constructs that activate GAL4 reporter gene 
(191). GAL4-Smadl and GAL4-Smad2 constructs activate transcription in 
response to BMP4 and TGF-/J, respectively, and their ability to do so requires 
Smad4, as determined using Smad4-defective cells (212). The first description 
of a natural SMAD transcriptional complex was made through studies on the 
activin response factor (ARF), a DNA-binding complex that forms in Xenopus 
embryo explants in response to activin or an endogenous factor, presumably 
Vgl (218). ARF binds to a 50-base pair activin-response element (ARE) in the 
promoter of the homeobox gene Mix.2, an immediate-early activin response 
gene. The first component of ARF to be identified was the DNA-binding protein 
Fast- 1 , based on its ability to interact with a hexanucleotide repeat present in the 
activin-response element (219). Fast-1 is a novel member of the winged- helix 
family of putative transcription factors (also known as the HNF-3 family or the 
forkhead family) (220). 

Fast-1 associates with Smad2 and Smad4, forming a ternary complex that 
binds to the ARE (212,215) (Figure 6). Because Fast-1 is a nuclear pro- 
tein (219), it probably binds to incoming Smad2-Smad4 complexes in the 
nucleus. The interaction involves a region within the C-terminal portion of 
Fast-1 and the MH2 domain of Smad2 (212, 215). Smad4 is not required for 
the Smad2-FAST1 interaction but contributes two essential functions to the 
resulting Smad2/Smad4/FAST-1 complex: Through its MH1 domain, Smad4 
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promotes binding of the complex to DNA, and through its MH2 domain, Smad4 
activates transcription (212). 

Other members of the winged-helix family might be DNA-binding partners 
of SMADs. However, members of structurally unrelated families might play 
this role as well. For example, the Drosophila gene schnurri, which encodes a 
zinc-finger protein with homology to various mammalian transcription factors, 
is genetically implicated in Dpp signaling (221,222). Another Dpp-activated 
gene, Ubx, is activated via a cyclic AMP response element (CRE) adjacent to a 
sequence resembling a Mad-binding site (223). Paradoxically, mutation of this 
Mad-binding site did not interfere with Dpp activation of Ubx. SMADs may 
interact with certain target enhancers without the involvement of DNA-binding 
subunits (21 1, 223 a,b), but the biological role of these interactions remains to 
be ascertained. 

Response Elements 

Numerous gene responses to TGF-/3 have been described, but only a fraction of 
these have the characteristics of an immediate transcriptional response. pl5 Ink4b 
and p21 CipI are cyclin-dependent kinase inhibitors whose rapid introduction in 
response to TGF-£ mediates cell cycle arrest (224-227). Clusters of Spl-like 
sites near the transcription start site of pl5 Ink4b and p21 CipI score as TGF- 
^-responsive regions in reporter gene assays (228, 229). TGF-£-stimulated 
expression of interstitial collagens and other extracellular matrix proteins un- 
derlies important roles of TGF-/3 in development and regenerative processes 
(11-13). The TGF-£-responsive regions of genes encoding such extracellu- 
lar matrix proteins as collagen a 1(1) (230), collagen a2(T) (231,232), type 1 
plasminogen activator inhibitor (PAI-1) (233, 234), elastin (235), and perlecan 
(236) resemble Spl sites or CTF/NF-I sites. However, some of these sequences 
also resemble the Mad-binding element of vestigial (211); thus they might be 
SMAD-binding sites. TGF-/J and related factors can also cause rapid inhibition 
of gene transcription. Genes affected in this manner include c-myc (14) and the 
Cdk-activating phosphatase cdc25A (237); down-regulation of both genes by 
TGF-/J mediates antiproliferative effects. Interestingly, transcriptional activa- 
tion by TGF-/3 of PAI-1 (238), retinoic acid receptors (239), collagen c*2(I), 
and other genes (238) appears to require AP-1 activity. Furthermore, a Fos- 
containing repressor has been implicated in the down-regulation of the secretory 
protease transin/stromalysin by TGF-y3 (240). Whether SMADs participate in 
all or even a majority of TGF-/? gene responses is an open question. 

Inhibition by Antagonistic SMADs 

Vertebrate Smads 6 and 7 and Drosophila Dad are inhibitors of signaling by 
receptor-regulated SMADs (196, 197,200, 207-209) (Figure 6). When over- 
expressed, Smad6 can inhibit BMP signaling and, partially, TGF-^ signaling 
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(196), and Smad7 can inhibit TGF-/3 signaling (197,208) and BMP signal- 
ing (197). At lower concentrations, however, Smad6 is a specific inhibitor 
of BMP signaling in frog embryos and mammalian cells (207). Dad inhibits 
Dpp signaling in Drosophila wing imaginal discs, and when introduced into 
frog embryos, Dad exhibits anti-BMP effects (209). Inhibitory SMADs par- 
ticipate in negative feedback loops that may regulate the intensity or duration 
of TGF-yS responses. Thus, Smad7 expression is rapidly elevated in response 
to TGF-/J (197), whereas Dad expression is elevated in response to Dpp (209). 
The expression of Smads 6 and 7 is elevated by shear stress in vascular en- 
dothelial cells (200), a reponse that might be mediated by autocrine TGF-/J 
(241). 

Inhibitory SMADs lack a C-terminal SSXS phosphorylation motif, and their 
N- terminal region has only short segments of MH1 domain homology (196, 197, 
207-209). (Smad6 was originally reported as a truncated SMAD structure con- 
sisting of the MH2 domain only; see References 200, 242). One mechanism 
proposed to explain the inhibitory effects of Smads 6 and 7 is based on the obser- 
vation that each of these SMADs can bind to diverse TGF-fi family receptors and 
interfere with phosphorylation of receptor-regulated SMADs (196, 197, 208). 
This mechanism could account for the nonselective inhibition of BMP effects 
and TGF-/? effects observed by overexpression of Smads 6 or 7. It is not known 
whether physiologic levels of inhibitory SMADs can interfere with receptor 
binding and phosphorylation of receptor-regulated SMADs. 

A different mechanism may underlie the selective inhibition of BMP signal- 
ing by Smad6 (207). At low levels, Smad6 does not interfere with receptor- 
mediated phosphorylation of Smadl but competes with Smad4 for binding to 
activated Smadl. In a yeast two-hybrid system, the Smad6 MH2 domain in- 
teracts with itself and with the Smadl MH2 domain, but not with the MH2 
domains of Smads 2 or 4. Smad6 binding to receptor-phosphorylated Smadl 
yields a transcriptionally inert complex. Therefore, Smad6 appears to act as a 
Smad4 decoy for BMP-activated SMADs. 

Other Kinases in TGF-f5 Signaling 

Components of MAP-kinase cascades mediate numerous responses to mito- 
gens, differentiation factors, inducers of apoptosis, radiation, and osmotic stress 
(243, 244). Several groups investigating whether TGF-£ action affects the Erk 
subfamily of MAP kinases have reported activation (245), inhibition (246, 247), 
or no change (248) in the activity of these kinases after TGF-£ treatment. A 
novel member of this family, TAK1 (TGF-yS-activated kinase 1) was cloned 
based on its ability to activate a MAP kinase cascade in yeast (249). In mam- 
malian cells, the activity of a transfected TAK1 is rapidly increased in response 
to TGF-£ and BMP4 (249). Overexpression of a kinase-defective TAK1 mutant 
(249) or a truncated form of the TAK1 activator, TAB1 (250), diminishes the 
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TGF-/3 response of a reporter gene construct that contains an AP-1 site, implicat- 
ing TAK1 in these responses. No effect of TAK1 on other TGF-/J responses has 
been reported. TGF-£ activation of the MAP-kinase JNK has been implicated 
in a similar transcriptional response and tentatively placed downstream of TAK1 
(251, 252). However, the JNK-kinase response to TGF-/? takes several hours, 
suggesting that JNK is not a primary transducer of TGF-£ signals in these cells. 

DISRUPTION OF TGF-/3 SIGNALING IN HUMAN 
DISORDERS 

Alterations of TGF-/? signaling pathways underlie many human disorders. A 
loss of growth inhibitory responses to TGF-fi is often observed in cancer cells 
(253), and a gain of TGF-0 activity is thought to play a central role in fibrotic 
disorders characterized by excessive accumulation of interstitial matrix material 
in the lung, kidney, liver, and other organs (254). Abnormal TGF-fi activity is 
also implicated in inflammatory disorders (255-257). The phenotype of mice 
overexpressing or lacking specific TGF-/J family members or their receiptors 
has revealed that these alterations have profound effects on the development or 
homeostatis of many organs (1, 2, 4). However, direct evidence that disruption 
of TGF-/? signaling is a cause of human disorders is provided by the following 
cases, in which genes encoding TGF-/3 family members, their receptors, or 
SMAD proteins are mutated (Figure 7). 

TGF-J3 Receptor Mutations in Cancer 

The effects of TGF-/3 on target cells include several forms of negative regulation 
of cell proliferation, such as induction of Gl arrest, promotion of terminal differ- 
entiation, or activation of cell death mechanisms (14, 258). Numerous reports 
have described deficiencies in these types of responses in human tumor-derived 
cell lines (253). Disruption of TGF-ft signaling could therefore predispose or 
cause cancer. 

This prediction was confirmed by the finding that the TGF-£ type II receptor 
is inactivated by mutations in gastrointestinal cancers with micro satellite insta- 
bility (259, 260). Microsatellite instabilty is common to many sporadic cancers 
and results from defects in DNA mismatch repair leading to nucleotide addi- 
tions or deletions in simple repeated sequences — microsatellites — throughout 
the genome. The human TfiR-II gene contains one such sequence, a 10-bp 
polyadenine repeat, starting at nucleotide 709 in the coding region of the ex- 
tracellular domain. One- or two-base additions or deletions in this repeat occur 
in most sporadic colon cancers and gastric cancers with microsatellite insta- 
bility, yielding truncated, inactive TfiR-U products (260-262). Mutations in 
the TfiR-II polyadenine repeat are also found in colon or gastric tumors from 
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Figure 7 Inactivating mutations in TGF-/S si gnal transduction genes in human disorders. Mis/Amh 
or Amhr is mutated in persistent Miillerian duct syndrome (PMDS); Gdf5/Cdmpl in hereditary 
chondrodysplasia (HC); endoglin oiAlkl in hereditary hemorrhagic teiangectasia (HHT); TfiR-II 
in gastrointestinal cancers with somatic or hereditary microsatellite instability; Smadl in colon 
cancer; and Smad4 in pancreatic, colon, and other cancers. 

individuals with hereditary non-polyposis colon cancer (HNPCC) (263), a fa- 
milial syndrome characterized by a high incidence of colon, endometrial, and 
gastric cancers. In most of these cases, both T(3R-II alleles have mutations in 
the polyadenine repeat. In some cases, however, the second allele is inactivated 
by a different mutation, such as (a) an addition of a GT dinucleotide to a GT- 
GTGT sequence in the kinase domain coding region or (b) missense mutations, 
which are also predicted to inactivate this kinase (260, 261, 263). These results 
indicate that TfiR-II shares the two-hit inactivation mechanism of other tumor 
suppressor genes. 

Mutations in the T&R-II polyadenine repeat are rare in somatic or hereditary 
cancers of the endometrium, pancreas, liver, and breast (262, 264, 265) or in 
myelodisplastic syndrome (266) with microsatellite instability. This provides 
further evidence that mutations in the T/3R-II polyadenine repeat are not just a 
random consequence of microsatellite instability but are specifically selected 
during the progression of colon and gastric cancers. Mutations elsewhere in 
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TfiR-II have been described in T-cell lymphoma, gastric cancers, and head and 
neck carcinomas (267-269). 

SMAD Mutations in Cancer 

The TGF-/? signaling network is also disrupted in cancer by mutations in Sinad2 
and Smad4/DPC4. Smad4/DPC4 was originally identified as a candidate tumor 
suppressor gene in chromosome 18q21 that was somatically deleted or mutated 
in half of all human pancreatic carcinomas (189). Biallelic Smad4/DPC4 inac- 
tivation also occurs in a significant proportion of colorectal tumors (270, 271). 
Sinad4/DPC4 is infrequently mutated in breast (272), ovarian (272), head and 
neck (273), prostatic (27 1), esophageal, and gastric cancers (274). In the mouse, 
Smad4 inactivation causes intestinal tumors in concert with inactivation of 
another tumor suppresor gene, APC (274a). Smad2 is also located at 18q21, 
and it too is the target of inactivating mutations in colon cancer (193, 275, 276). 
Loss of TGF-/J responsiveness in colon cancer therefore may be due to muta- 
tions in TfiR-II, Smad2, or Smad4/DPC4. Interestingly, the preponderance of 
Smad4/DPC4 mutations in pancreatic cancer, together with the low frequency 
of mutations in Tf3R-II in these tumors (264), raises the possibility that loss of 
Smad4 function may be selecting for resistance to an endogenous factor other 
than TGF-£ itself. 

Smad2 and Smad4/DPC4 are inactivated in cancer by missense mutations, 
nonsense mutations, small deletions, frameshift mutations, or loss of the entire 
chromosomal region. Most of the missense mutations described fall in the MH2 
domain (214), a region that is also the target of mutations in Mad, sma-2, and 
sma-3 inactive alleles (186, 188). The location of these mutations is consis- 
tent with the effector role of the MH2 domain in SMAD signaling. Resolution 
of the crystal structure of the Smad4 MH2 domain has revealed that tumor- 
derived missense mutations in this domain often affect amino acids that are 
critical for monomer- monomer interactions within the Smad trimer (214). Such 
mutations weaken Smad homo-oligomerization and prevent TGF- f3 -induced 
Smad2-Smad4 association. Less frequently, tumor-derived mutations destabi- 
lize the folding of the MH2 domain (214). Tumor-derived missense mutations 
have also been identified in the MH1 domains of Smad2 and Smad4/DPC4. 
These mutations inactivate SMAD function by increasing the affinity of the 
MH1 domain for the homologous MH2 domain, locking the molecule in an 
inhibited conformation (206). Several mutations from inactive alleles of Mad 
or sma genes map to the region corresponding to the L3 loop and are predicted 
to interfere with heteromeric Smad interactions (214) or Smad-receptor inter- 
actions (217). However, no such mutation has been described in human SMAD 
genes. 
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GDF5/CDMP1 Mutations in Hereditary Chondrodysplasia 
The phenotypes of mice defective in specific members of the BMP and GDF 
subfamilies have indicated that despite their similar activities in tissue culture, 
each of these factors is rate limiting for a distinct subset of developmental 
processes, including the development of specific skeletal components (1,2, 4). 
One example of this is provided by the finding that the brachypodism phenotype 
in mice is due to inactivating mutations in the Gdf5 gene (277, 278). Brachy- 
podism mice have numerous alterations in the length and number of bones in the 
limbs but retain a normal axial skeleton (277). This finding raised the possibility 
that the human GDF5 homologue, known as cartilage-derived morphogenetic 
protein 1 (CDMP1), might likewise be involved in skeletal abnormalities. This 
possibility was confirmed with the identification of a frameshift mutation in 
Cdmpl in individuals with the recessive chondrodysplasia syndrome, Hunter- 
Thompson type acromesomelic chondrodysplasia (279). The mutation found 
in this study is a 22-bp insertion in the mature region of CDMP1 and most 
likely yields an inactive product. The abnormalities in affected individuals are 
restricted to the limbs and are most severe in the distal bones, which are short 
and dislocated (279). 

ALK1 and Endoglin Mutations in Hereditary 
Hemorrhagic Telangectasia 

The accessory receptor endoglin (103) and the type I receptor ALK1 (33) are 
highly expressed in vascular endothelial cells. The genes encoding these prod- 
ucts have been identified as the targets of inactivating mutations in human 
hereditary hemorrhagic telangectasia (124-126). This disorder is characterized 
by epithelial vascular dysplasia and a high propensity to hemorrhage in the 
nasal and gastrointestinal mucosa (280). The autosomal dominant nature of 
this disorder argues that maintenance of appropriate endoglin and ALK1 levels 
is crucial for vascular homeostasis. The similarity of the phenotypes caused 
by mutations in either gene suggests that both receptors function in a common 
pathway controlling the development of the vascular wall. Because endoglin 
and ALK1 are not effective at binding TGF-/3 (33, 34, 1 10), it is possible that 
these two receptors mediate the action of an as yet unidentified TGF-/J family 
member in the vasculature. 

MIS and MIS Receptor Mutations in Persistent 
Mullerian Duct Syndrome 

During the development of the reproductive tract in mammals, the Mullerian 
duct gives rise to the uterus, fallopian tubes, and upper vagina (15, 16). Re- 
gression of the Mullerian duct in males is mediated by MIS/AMH from the 
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Sertoli cells of the fetal testis acting via its receptor, AMHR, on the mesenchy- 
mal cells adjacent to the Miillerian duct epithelium (23, 43, 281). Disruption of 
this process leads to the appearance of internal pseudohermaphroditism with 
uterine and oviductal tissues in affected males, a disorder known as persistence 
of Miillerian duct syndrome (PMDS) (282). PMDS has been shown to result 
from inactivating mutations in either Mis/Amh (283-285) or Amhr (285-287). 
A 27-bp deletion in Amhr is a common cause of PMDS (288). The phenotypes 
of mutations in Mis/Amh and Amhr are essentially the same, and they are copied 
in mice defective in the ligand, the receptor, or both (289). These observations 
suggest that unlike other TGF-j8 family members, MIS/AMH and its receptor 
have a highly specific and restricted role during development. 

SUMMARY AND PROSPECTS 

Recent progress has led to the elucidation of a general TGF-£ signaling pathway 
in which the ligand causes the activation of a heteromeric protein kinase com- 
plex that subsequently phosphorylates a subset of SMAD proteins that move 
into the nucleus, where they activate specific target genes with the agency of 
DNA-binding partners. The cellular response to a TGF-/J factor may be deter- 
mined not only by the receptors and SMAD isoforms present in the cell but also 
by the available repertoire of DNA-binding partners. The response is further 
modulated by regulators of ligand binding, receptor activity, SMAD activation, 
or nuclear localization. All the central components of these pathways and many 
of their regulators are novel proteins of previously unknown function. 

The combinatorial interactions that configure such TGF-/3 signaling path- 
ways provide a basis for understanding the multifunctional nature of these fac- 
tors. In principle, now it should be possible to determine which combination 
of receptors, SMAD proteins, and DNA-binding partners leads to each partic- 
ular TGF-^S gene response. This signaling process is based on a succession of 
discrete protein-protein and protein-DNA interactions. The structural elements 
that mediate each contact can now be investigated to ascertain how signaling 
specificity is enforced in the pathway. These protein interactions are of limited 
strength; thus they seem good candidates as drug targets. This prospect is in- 
teresting, for either gain or loss of TGF-/? signaling processes underlies various 
developmental disorders, several forms of cancer, and other ailments in humans. 

The progress made allows us to explain, in general terms, how a TGF-/* 
signaling pathway works. However, what is described here will likely become, 
with time, only part of the explanation as the complexity of this pathway is 
exposed in full. We might yet learn that type II receptors phosphorylate a 
different set of transducers, or that type I receptors have other substrates be- 
sides SMAD proteins, or that SMADs have other functions besides activating 
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transcription. Furthermore, the recent emphasis on the transcriptional effects 
of TGFs and family members may have sidestepped other important responses 
to these factors; it is time to investigate these other responses as well. Clearly 
then, more work and more surprises lie ahead. However, the recent elucidation 
of the first contiguous TGF-/3 signaling pathway is a major milestone in this 
field and provides the framework for future research. 
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SUMMARY 

Activins and other ligands in the TGFp superfamily signal 
through a heteromeric complex of receptors- Disruption of 
signaling by a truncated type II activin receptor, XActRIEB 
(previously called XAR1), blocks mesoderm induction and 
promotes neuralization in Xenopus embryos* We report the 
cloning and characterization of a type I activin receptor, 
XALK4. Like truncated XActRKB, a truncated mutant 
(tXALK4) blocks mesoderm formation both in vitro and in 
vivo; moreover, an active form of the receptor induces 
mesoderm in a ligand-independent manner. Unlike 



INTRODUCTION 

In Xenopus, as in other vertebrates, the earliest events in the 
establishment of the body axis involve the formation of the 
three germ layers: ectoderm, mesoderm and endoderm. The 
subsequent movements of these layers during gastrulation 
generate new tissue interactions which lead to the final deter- 
mination of the body axis (Gilbert, 1992). Many growth factors 
have been identified that mediate one or more of the steps in 
this process. Notably, the fibroblast growth factor (FGF) family 
and members of the transforming growth factor p (TGFp) 
superfamily including activins, Vgl and BMPs have been 
shown to induce a variety of embryonic tissue types (for 
reviews, see Klein and Melton, 1994; Hariand, 1994; Kessier 
and Melton, 1994). Activins, Vgl and several BMPs are 
expressed maternally as UNA or protein. Activin can induce 
several types of mesoderm as well as endoderm in ectodermal 
explants (animal caps) in a concentration-dependent manner 
(Green and Smith, 1990; Green et al., 1992; Symes et al., 1994; 
Gamer and Wright, 1995; Henry et aL, 1996). It is proposed 
that activin may act as a morphogen in Xenopus embryos, 
forming a gradient to determine different tissue types along the 
dorsal- ventral axis (Green and Smith, 1991; Gordon et al., 
1994). Vgl is a vegetally localized maternal RNA (Weeks and* 
Melton, 1987) that has the ability to rescue a complete axis in 
UV-ventralized embryos (Thomsen and Melton, 1993). While 
both activin and Vgl can induce a whole repertory of 
embryonic tissues in embryonic explants, BMPs have only 
been found to mediate the induction of ventral types of 
mesoderm (Koster et ah, 1991; Dale et al., 1992; Jones et al., 
1992; Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen, 



truncated XActRUB, however, tXALK4 does not induce 
neural tissue. This difference is explained by the finding 
that tXALK4 does not block BMP4-mediated epidermal 
specification, while truncated XActRUB inhibits all BMP4 
responses in embryonic explants. Thus, the type I and type 
II activin receptors are involved in overlapping but distinct 
sets of embryonic signaling events. 

Key words: mesoderm induction, neural induction, activin, BMP4, 
type I activin receptor, Xenopus, TGFp 



1995). Recent studies have also suggested that BMP4 is 
involved in epidermal specification and neural inhibition 
(Wilson and Hemmati-Brivanlou, 1995; Sasai et al., 1995; 
Hawley et al., 1995; Xu et al. f 1995). 

While FGF signals through ligand-induced homodimeriza- 
tion of receptors with intrinsic protein tyrosine kinase activity, 
activin and BMP4 utilize a heteromeric receptor complex con- 
taining at least one molecule from each of the two subfamilies 
of receptor serine/threonine (ser/thr) kinases (reviewed in 
Mathews, 1994). Type II receptors (ActRII, TPRJI, BMPRII) 
have been identified either by ligand binding or by association 
with type I receptors (Mathews and Vale, 1991 ; Lin et al., 1992; 
Liu et al., 1995). The type I receptors (also called ALKs - 
activin receptor like kinase) were originally characterized 
based on sequence similarity to the type II receptors (ten Dijke 
et aL f 1993; Ebner et al., 1993; ten Dijke et al., 1994a). Both 
classes of receptors have been implicated in signal transduc- 
tion. For activin (Atrisano et aL, 1996; Willis et al., 1996) and 
TGFP (Wrana et al., 1992; Wrana et al., 1994), a model for 
receptor activation has been suggested in which type I 
receptors become phosphorylated, in a type U-dependent 
manner, at a conserved glycine/serine-rich sequence in the jux- 
tamembrane region; it is likely that BMP receptors become 
activated in a similar fashion (Liu et aL, 1995). Although 
activin and TGFp display no apparent binding or functional 
interactions with each other's receptors, it appears that there 
may be significant sharing of receptors between activin and 
BMPs. As evidence that a particular type II receptor can 
interact with multiple ligandis, the activin type II receptor, 
ActRII, has been reported to bind to, and potentially signal in 
response to, BMP7 as well as activin (Yamashita et al., 1995); 
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similarly, the type II BMP receptor. BMPRH, binds both BMP2 
and BMP7 (ten Dijke et al., 1994b; Liu et al., 1995). Com- 
parable data indicate that both activins and BMPs may signal 
through receptor complexes containing a single type I receptor 
ALK2 (ActRI), together with ActRH (Yamashita et al., 1995). 
Finally, it has been proposed that individual type I receptors 
may associate with different type II receptors; ALK2, ALIO 
(BMPR-IA) and ALK6 (BMPR-IB) have been found to 
interact with both ActRII and BMPR-II (ten Dijke et al., 1 994a; 
Liu et al., 1995; Yamashita et al., 1995). To date, neither the 
relative binding affinities nor the signaling capacities of the 
various li gaud-receptor complexes have been accurately deter- 
mined. 

Several receptor ser/thr kinases have been cloned from 
Xenopus, including type II activin and type I BMP4 receptors 
(Mathews et al., 1992; Hemmati-Brivanlou et al., 1992; Graff 
et al., 1994), Expression of truncated forms of these receptors 
has revealed that deletion of the intracellular domains yields 
molecules that can inhibit signaling in a dominant negative 
manner, and the results have also implicated these signaLing 
pathways in mesoderm induction and patterning (Hemmati- 
Brivanlou and Melton, 1992; Graff et al., 1994; Suzuki et al., 
1994). Consistent with the ventralizing activity of BMP4 
ligand, truncated type I BMP4 receptor converts ventral 
mesoderm to dorsal mesoderm, implying that the wild-type 
receptor is involved in ventral mesoderm specification (Graff 
et al., 1994; Suzuki et al., 1994). In the case of type II activin 
receptor, the truncated mutant blocks all mesoderm formation, 
suggesting a requirement for activin. However, this truncated 
receptor may block more than one ligand and the role of activin 
in mesoderm induction remains controversial (Schulte-Merker 
et al., 1994; Hemmati-Brivanlou and Thomsen, 1995). In 
addition to mesoderm induction, experiments with these 
receptors have uncovered previously unsuspected roles for 
their ligands in early development. Truncated versions of both 
type II activin receptor and type I BMP4 receptor can divert 
the ectoderm from an epidermal to a neural fate (Hemmati- 
Brivanlou and Melton, 1992, 1994; Xu et al., 1995). These 
studies have shown that members of this growth factor family 
are not only important in mesoderm formation, but also play 
an inhibitory role in the formation of the neural tissues. Since 
studies in cell culture indicate that each type II receptor may 
interact with several type I receptors to bind different ligands, 
deterrnining the function of each ligand in frog embryos will 
require the cloning and functional characterization of the 
complete family of related ligands and receptors. 

In this paper, we report the cloning and ftinctional study of 
an activin type I receptor, which we have named XALK4 (for 
Xenopus ALK4). Consistent with a role in early embryonic 
development, this receptor is expressed maternally and is dis- 
tributed widely in early embryos. The type EI activin receptor, 
previously called XAR1 and renamed here XActRUB (to 
remain consistent with the original nomenclature used for these 
receptors), is also expressed in most of the cells of the early 
embryo. As was the case with the type II activin receptor 
(Hemmati-Brivanlou et al., 1992; Mathews et al., 1992), 
ectopic expression of wild-type XALK4 induces mesoderm in 
embryonic explants, and truncated XALK4 (tXALK4) blocks 
mesoderm formation both in explants and in the embryo. Sur- 
prisingly, however, in contrast to truncated XActRUB (previ- 
ously referred to as A1XAR1 and here, because of the new 



nomenclature, tXActRUB), tXALK4 inhibits the mesoderm- 
inducing activity of BMP4 without concurrent neuralization of 
animal cap explants. In addition, truncated XALFC4 does not 
block epidermal induction by BMP4 in the context of dissoci- 
ated animal cap cells. Moreover, while wild-type XALK4 
rescues mesoderm induction by activin in the presence of 
tXALK4, it cannot rescue mesoderm induction by BMP4. 
These results uncover for the first time distinct functions of the 
two types of activin receptors in the formation of different 
tissue types in Xenopus. They also point to a possible differ- 
ence between the mechanisms of mesodermal and epidermal 
induction by BMP4 ligand. 



MATERIALS AND METHODS 

Cloning and sequencing of XALK4 type I activin receptor 
and construction of mutants 

Two degenerate oligos, CCGGAATTCA(GT)<AyC)G(G/A/C)- 
GA(T/C)(AyT/C)TNAA(A/G)CAnOC and CCGAAGCTTA(C/T> 
(C/T)TCNGGNGCCAT(A/G)TA, coding for peptide sequences 
HRD(L/F/I)KS and YMAPEV conserved within serine/threonine 
kinase domain, were used for PCR cloning of type 1 activin receptor. 
A fragment of 180 bp sequence bearing the highest homology to 
kinase domain of type I activin receptor was used to screen 0.6x1 0 6 
plaques of a Xenopus oocyte library (gift of Dr P. Klein, University 
of Pennsylvania). Four independent clones were isolated, one 
encoding full-length type I activin receptor XALK4. The sequence 
was obtained with dideoxynucleotide sequencing method (Sanger et 
al., 1977) and sequence alignment of ALK4 with other receptors was 
made with DNA Star, MegAlign, program. Truncated XALK4 was 
constructed by PCR using the following two primers: GGAGATC- 
TACGATGGCGGAGCTACCGGCC and GGAGATCTTCA- 
CATTTCACATGATGGATCC. The PCR fragment encoded N- 
terminal 164 amino acids of XAJLK4, including the extracellular and 
transmembrane domains of the receptor. The Bg/TI -digested fragment 
was inserted into the BglU site of pSP64T vector (Krieg and Melton, 
1984). ALK4 and ALK-T206E were constructed as described 
elsewhere (Willis et al., 1996) and cloned into the BglU site of 
pSP64T. 

Embryos, RNA preparation, microinjection and animal cap 
explants 

Xenopus embryos, both pigmented and albino, were obtained as pre- 
viously described (Hemmati-Brivanlou and Harland, 1989). 
Embryonic stages were determined as described in Nieuwkoop and 
Faber (1967). The dorsal side of embryos was determined according 
to animal pole pigmentation and blastomere size at the 4- to 8-cell 
stage. (Dorsal cells are lighter and smaller than ventral cells.) RNAs 
encoding wild-type and mutant receptors were synthesized with lin- 
earized templates derived from pSP64T vector, using SP6 polymerase 
(Ambion mMessage mMachine kit). For iXActRHB and tBR, the lin- 
earization of templates was done as described previously (Hemmati- 
Brivanlou and Melton, 1992; Graff et al., 1994). For OCALK4, as well 
as for ALK4 and ALK4-T206E, the templates were linearized with 
XbaL BMP4 RNA was obtained as previously described (Hemmati- 
Brivanlou and Thomsen, 1995). The RNAs were then injected into the 
animal poles or marginal zones of early stage embryos. Amount of 
injected in vitro synthesized RNAs and sites of injection are as 
described in the Results section. Animal cap explants were removed 
with hair knives at late blastula stages and allowed to grow until 
control sibling embryos reached either gastrula or neumla stages. 
Total RNA was then extracted and analyzed with RT-PCR. In exper- 
iments with activin induction, activin RNA was injected at 30 ng into 
mature oocytes and the oocyte-conditioned medium was collected 3 



days later (Kessler and Melton, 1995). A 1:500 dilution of this con- 
ditioned medium was used. 

RT-PCR assay 

RT-PCR assay was performed as previously described (Wilson and 
Melton, 1994), with the modification that random hexamers rather 
than o!igo(dT) were used to prime reverse transcription. Primers for 
EF1 -a, muscle actin, Xbra and NCAM were described in Hemmati- 
Brivanlou and Melton (1994). Primers for Xhox-3, globin (Hemmati- 
Brivanlou and Thomsen, 1995), epidermal keratin (Wilson and 
Hemmati-Brivanlou, 1995) and NRP-i (Lamb and Harland, 1995) 
were as previously described. For XALK4, the following primers 
were used: XALK4-U: 5'~GCGGAGCTACCGGCCTTCTTC-y and 
XAJLK4-D: 5'-TGGGATTGCAATAACAGCTAC-3' and the PCR 
conditions were: 94°C, 30 seconds; 55°C, 1 minute; 72°C, 30 seconds; 
for 25 cycles. 

Whole-mount in sftu hybridization and immunochemistry 

Whole-mount in situ hybridization was performed as described 
(Hemmati-Brivanlou et al., 1990; Harland, 1991). Antisense digoxi- 
genin-labeled Xbra was obtained as previously described (Hemmati- 
Brivanlou and Melton, 1992). XALK4 antisense probe was synthe- 
sized with T7 RNA polymerase with £a?RI linearized pBIuescript 
template (Stratagene) containing entire XALK4 coding sequence. 
Whole-mount antibody staining was performed as described by 
Hemmati-Brivanlou and Harland (1989). Three antibodies were used: 
Tor70.1 for notochord staining (Bolce et al^ 1992), 12/101 for muscle 
(Kintner and Brookes, 1984) and 6F11, which is a neural antigen- 
specific antibody (A gift from Dr W. Harris, UCSD). Tor70.1 and 
12/101 were monoclonal antibodies used at 1:500 dilution. 6F1 1 was 
from the hybridoma-conditioned medium and was used at 1 : 1 dilution. 
The secondary antibody was a goat anti-mouse IgG coupled to horse- 
radish peroxidase (Jackson Laboratories) and was used at 1:250 
dilution. 

Cell dissociation and reaggregation 

The animal pole cells were dissociated in Ca 2+ /Mg 2+ -free medium at 
stage 9-10 as described before (Grunz and Tacke, 1989; Wilson and 
Melton, 1994). Dissociated cells were reaggregated immediately or 
after 4 hours and then incubated until control sibling embryos reached 
late neurula stages. Purified recombinant human BMP4 protein (Gift 
of Genetic Institute) was used on dissociated cells at 50 ng/ml. 



RESULTS 

Isolation of a Xenopus XALK4 cDNA 

To isolate Xenopus TGF-P receptors, we performed a PCR 
amplification of first strand cDNA made from oocyte RNA. 
The primers were designed to hybridize to the conserved region 
of all receptor serine/threonine kinases. A fragment of 180 bp 
whose sequence showed the highest homology to the 
mammalian type I activin receptor, ALK4 (activin receptor-like 
kinase, also called ActRIB), was used to screen a maternal 
oocyte library. A screen of 0.6x1 0 6 plaques yielded eleven 
positives containing four different clones, of which one 
contained a 3 kb insert encoding the full-length receptor. The 
predicted protein sequence of this clone is shown in Fig. 1A. 
There are seven conserved cysteine residues in the extracellu- 
lar domain at intervals characteristic of all type I receptors and 
a single ser/thr kinase domain following the putative trans- 
membrane region. The sequence shows greater than 85% 
identity to all ALK4 mammalian, with highest conservation in 
the cytoplasmic kinase domain (Fig. 1A). Notably, the 
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glycine/serine-rich domain (GS domain) is conserved between 
the frog gene and all other type I receptor genes; this region 
has been proposed to play an important role in signal trans- 
duction by type I activin receptors. Based on this homology, 
we named the frog gene XALK4. RT-PCR and in situ analysis 
indicates that XALK4 is present maternally and expressed 
widely throughout early embryogenesis, such as in mesoder- 
mal and ectodermal tissues (Fig. IB and data not shown). Thus 
both the type I and type II activin receptors are expressed from 
the first cell cycle onward. 

To perform functional studies with ALK4, we have utilized 
mutant forms of both the human ALK4 and frog XALK4 genes 
in early Xenopus embryogenesis. Fig. 1C shows a schematic 
drawing of the receptors used in mis study. In addition to wild- 
type Xenopus and human genes, we examined a mutant 
generated by truncation of most of the intracellular domain 
(tXALK4), and a point mutant in the GS domain (ALK4- 
T206E), which can induce expression of activin-dependent 
genes in the absence of ligand in cell culture (Willis et al., 
1996). Because tXALK4 retains intact extracellular ligand- 
binding sequences, but is impaired in its capacity to transduce 
signals, it can presumably interfere with the wild-type 
receptors in a dominant fashion by competing for ligands and 
type II receptors. Because ALK4-T206E signals without 
ligand, it represents a constitutively active receptor. 

Effects on mesoderm induction of wild-type and 
mutant ALK4 

Because ALK4-T206E has been characterized by gain-of- 
function studies (Willis et al., 1996) in mammalian cells, we 
began the functional characterization of ALK4 by testing the 
effects of this mutant in early embryos. Although this set of 
experiments was performed using human wild-type and mutant 
ALK4, the wild-type Xenopus clone had identical function in 
all assays (not shown). We injected 2 ng of in vitro synthesized 
ALK4 or ALK4-T206E RNA into animal poles of 2-cell 
embryos. Animal caps were explanted at mid-bias tula, 
incubated in the presence or absence of activin and assayed at 
late neurula stages for both morphology and tissue-specific 
molecular markers (Fig. 2). In the presence of activin un in- 
jected explants, as well as explants expressing ALK4 and 
ALK4-T206E, elongated and expressed the mesodermal 
markers Xbra and muscle actin. In the absence of activin, 
ALK4-injected caps showed weak signs of elongation and 
induction of only the general mesoderm marker Xbra. This 
weak induction without ligand presumably reflects a low level 
of basal kinase activity; a similar effect has been observed with 
other serine/threonine kinase receptors (e.g. Mathews et al., 
1992; Hemmati-Brivanlou et aL, 1992). Caps expressing 
ALK4-T206E elongated strongly and expressed both Xbra and 
muscle actin, suggesting mat it acted as a constitutively active 
receptor that could signal in a ligand-independent manner. 

Inhibition of mesoderm induction by activin and 
BMP4 using truncated XALK4 

In Xenopus, at least two other receptor ser/thr kinases have 
been cloned: the type II activin receptor XActRUB and a type 
I BMP4 receptor (BMPRI, Hemmati-Brivanlou et al, 1992; 
Graff et al., 1994). Because receptors in this class act as het- 
eromers, truncation mutants can act as dominant inhibitors of 
signaling, and this strategy has been successfully used to study 
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Fig. 1. Wild-type and mutant type I activin receptors. (A) Protein sequence alignment between Xenopus ALK4 (XAJLK4) and three human type 
I receptors: ALK4, ActRI and ALK5. The signal sequence is overlined and the transmembrane domain is boxed. The cytoplasmic domain starts 
with amino acid (aa) 143, the GS domain contains the GS core sequence at aa 182-187. (B) XALK4 expression pattern. Top, RT-PCR analysis 
of XALK4 at different developmental stages; stage 2, 2-cell stage; stages 9 to 1 1, gastrula stages; stages 12 to 20, neurula stages; stage 28 
tailbud stage; stage 35, tadpole. XALK4 is expressed maternally and persists during development Bottom: in situ hybridization of XALK4 at 
gastrulation (left, vegetal view with dorsal lip at the top) and tailbud (right, anterior at the left) stages, showing uniform expression in dorsal and 
ventral sides at early stage and expression in many tissues in late embryos. (C) Schematic presentation of the wild-type and mutant receptors 
used in this study. tXALK4 contains the first 164 aa of XALK4, which includes the extracellular and transmembrane domains, but excludes GS 
and kinase domains. GS domain of ALK4 contains Thr at positions 202 and 206, which have been shown to be important for its function in cell 
culture assays. ALK4-T206E mutant induces transcriptional responses in a ligand-independent manner in cell culture (Willis et al., 1996). 



the functions of XActRIEB and BMPRI in embryogenesis 
(Hemmati-Brivanlou and Melton, 1992; Hemmati-Brivanlou 
and Melton, 1994; Graff et al., 1994; Suzuki et al., 1994; Xu 
et al., 1995). To compare the functions of these receptors with 
type I activin receptor, we generated a truncated XALK4 gene 
with a deletion of its kinase domain (tXALK4, see Fig. IB) 
and studied the role of this receptor in mesoderm induction by 
activin and the related factor BMP4. 

Embryos were injected with 1 ng of in vitro synthesized 
receptor RNAs into the animal pole of each blastomere at the 
2-cell stage. At bias tula stages, animal pole explants were 
removed and cultured with or without inducing factors. Total 
RNA was harvested at either gastrula or neurula stage, and RT- 
PCR was used to assay for expression of mesodermal markers 
(Fig. 3). As previously demonstrated, activin induced dorsal 
mesoderm in animal cap explants, as revealed by the 
expression of muscle actin as well as Xbra (compare lane 1 
with lane 5 in Fig. 3A). Injection of tXALK4 blocked 
mesoderm induction by this ligand (compare lanes 5 and 6 in 



Fig. 3A). This result, in agreement with observations made in 
cell culture systems (Wrana et al. t 1994), shows that activin 
signal transduction requires an intact type I receptor with an 
active cytoplasmic kinase domain. The truncated type U 
receptor, tXActRUB, also completely blocked activin 
induction of these markers, while truncated BMPRI (tBR) did 
not (Fig. 3A and Graff et al., 1994). There was, however, a 
somewhat lowered level of expression of Xbra in the presence 
of tBR. This partial effect has been observed previously 
(Schmidt et aL, 1995; Graff et al., 1994) and could be due to 
dorsalization of induced mesoderm. 

Because tXActRUB could block both activin and BMP4 
signaling (Hemmati-Brivanlou and Melton, 1992; Hemmati- 
Brivanlou and Thomsen, 1995), we asked whether signaling by 
BMP4 could also be inhibited by truncated XALK4. Previ- 
ously it has been shown that BMP4 can induce ventral 
mesoderm in animal cap explants and can ventralize the dorsal 
marginal zone (Koster et al., 1991; Dale et al., 1992; Jones et 
al., 1992; Fainsod et al., 1994; Suzuki et al., 1994; Hemmati- 
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Fig. 2. Mesoderm induction assay by wild-type and mutant ALK4 in 
ectodermal explains. (A) Morphology of animal caps expressing the 
different forms of ALK4. Embryos were injected with RNAs 
encoding wild-type ALK4 or a constitutively active point mutant 
ALK4-T206E. Caps disserted at bias tula stages 8 to 9 were allowed 
to grow in the absence (left panels) or presence (right panels) of 
activin until sibling control embryos reached neumla stage 1 8. 
(B) Expression of mesoderm-specific markers in animal caps injected 
with different receptor RNAs. Xbra is an early pan-mesodermal 
marker, muscle actin is a marker of paraxial mesoderm. Lanes 1-3, 
caps incubated in buffer alone; lanes 4-6, caps incubated in the 
presence of activin. Lanes I and 4, uninfected control caps; lanes 2 
and 5, caps injected with wild-type ALK4 RNA; lanes 3 and 6 t caps 
injected with ALK4-T206E RNA; lanes 7 and 8, whole-embryo 
controls, in the absence (lane 7) or presence (lane 8) of reverse 
transcriptase in the RT-PCR reaction. While wild-type ALK4 is a 
weak mesoderm inducer, ALK4-T206E induces mesoderm in animal 
caps in the absence of added activin. 



Brivanlou and Thomsen, 1995). We injected 0.5 ng in vitro 
synthesized BMP4 RNA into 2-cell-stage embryos, either 
alone or together with different receptor RNAs. RT-PCR 
analysis of animal cap explains expressing BMP4 at gastrula 
stages revealed that mesodermal markers Xbra, Xwnt8 and 
Xhox3 were all induced. At later tadpole stages, the ventral 
mesoderm marker aTl-globin was also expressed (Fig. 3B, 
lane 5). In contrast, when BMP4 was comjected with tXALK4 
RNA, the expression of all these markers was blocked 
(compare lane 5 with 6). As a control, we showed that both 
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tBR and tXActRUB blocked mesoderm induction by BMP4 
(Fig. 3B, lanes 7 and 8). 

Because ALK4 has not been observed to mediate BMP4- 
induced transcriptional responses in mammalian cells (L. S. 
M., unpublished data), we asked whether the block to activin 
and BMP signaling was specifically due to inhibition of ALK4 
activity. We performed rescue experiments by coinjecting wild- 
type XALK4 or XActRUB along with tXALK4 (Fig. 4). Coex- 
pression of XALK4 with tXALK4 rescued mesoderm 
induction by activin, as measured by expression of muscle 
actin. In contrast, mesoderm induction by injected BMP4 RNA 
could not be rescued by XALK4. Expression of both early and 
late markers remained unresponsive to BMP4 in embryos 
injected with tXALK4, even in the presence of wild-type 
XALK4. Surprisingly coexpression of wild-type activin type II 
receptor XActRUB did reverse the suppressive effect of 
tXALK4 on mesoderm induction by BMP4, though it did not 
rescue activin-induded mesoderm formation. The different 
effect of rescue by wild-type receptors suggests that XALK4 
and XActRUB are differentially involved in mesoderm 
induction by activin and BMP4. The inhibition of BMP4- 
mediated mesoderm induction by tXALK4 may result from its 
titration of a type II activin receptor employed in both 
pathways. 

To see if mutant ALK4 can non-specifically inhibit 
mesoderm induction by other growth factors, we examined the 
effect of tXALK4 on FGF-induced mesoderm formation. As 
described previously, bFGF induced expression of the meso- 
dermal markers Xbra and Xwnt8, but only weak expression of 
muscle actin and weak elongation (Fig. 3C and data not 
shown). None of the truncated receptor ser/thr kinases affected 
bFGF induction of Xbra and muscle actin, demonstrating that 
inhibition by tXALK4 is specific to members of the TGFp 
family such as BMP4 and activin, and that mesoderm induction 
by bFGF is unaffected. 

Involvement of XALK4 in mesoderm formation in 
vrvo 

To determine whether XALK4 is involved in mesoderm 
formation in the context of the embryo, we injected 2 ng of 
either tXALK4 or ALK4-T206E RNA into the marginal region 
of one blastomere of 2-cell-stage albino embryos. The embryos 
were allowed to develop to early gastrula stages before they 
were fixed and assayed for Xbra expression by whole- mount 
in situ hybridization (Fig. 5A-F). In the control uninjected early 
gastrula, Xbra is expressed in a ring around the equator (Smith 
et al., 1991, Fig. 5A,D). Injection of tXALK4 RNA blocked 
Xbra expression in half the circumference of the embryo, 
resulting in a half ring expression pattern (Fig. 5BJE). This 
result parallels the observations made with tXActRUB and 
demonstrates that truncated form of both activin receptors can 
block endogenous mesoderm formation. In contrast, the con- 
stitutively active receptor, ALK4-T206E, enhanced Xbra 
expression, expanding the pattern of staining into the animal 
pole in the injected half (Fig. 5CJ0* Together, these results 
implicate XALK4 in mesoderm induction in vivo. 

Axial defects in embryos overexpressing truncated 
XALK4 

As XALK4 is involved in mesoderm formation both in animal 
cap expJants and in vivo, we wanted to examine the conse- 
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quence of tXALK4 on the late phenotype of embryos. We 
injected I ng of the truncated XALK4 RNA into the marginal 
zone of each blastomere at the 4-celI stage. Over 85% of 
injected embryos displayed defects in axial structures; 50% had 
no discernible axis (Fig. 6; Table 1 ). These embryos had neither 
heads nor tails, and many developed into "bubble embryos' 
(compare injected embryos with controls in Fig. 6). These 
embryos were very similar to those injected with truncated type 
II receptor (Hemmati-Brivanlou and Melton, 1992). In that 
case, the embryos had dramatically reduced mesodermal 

A I 23 £_ 

Activin - - - - + 4- + -»-o2i2 

.... ..._.* T ^ 

Early 
_ Late 

) 2 3 



: Wi xbra 

EFL-a 
^ft Musde actin 
:-iH EFT -a 



B 



5 6 7 8 V 10 



3 I 2 

3 a* -J ^ - 



5 >< m ^ r5 ^ ^ j? _£ 



5 S 3 3 £ 5 
BMP4 - - - - t f i- -n3 



• 



1 2 3 4 5 6 7 



Xbra 
^ Xw nt8 

#itXhox3 
-Hi EF1-a 

*P Qobin 

6 9 10 



Early 



Late 



-a < c* < -a < =; 



i o o 




Xbra 

Muscle actin 

EFl-cx 



Tkble L Axial defect in embryos injected with truncated 
XALK4 RNA 



No axial 
structures 



Partial axial 
defects 



Normal 
embryos 



Total 



No. of embryos 
Percent 



115 

50 



87 
37 



29 
13 



231 
100 



Embryos were injected with 1 ng truncated XALK4 RNA in the equatorial 
region of each blastomere at the 4- cell stage. Embryos were allowed to 
develop until control siblings reached tailbud stages, when the injected 
embryos were scored for phenotype and molecular markers. The 'no axial 
structures* phenotype corresponds to embryos with absent or drastically 
reduced axial mesodermal marker expression. These embryos were also 
called 'bubble embryos*. The embryos that showed 'partial axial defects* 
retained about 20-70% muscle or notocbord compared with wild-type 
uninjected controls and were defective in both head and taiL This division 
into extreme and partial defects is arbitrary in that a range of defect is 
observed within each class. 



tissues. We therefore examined the effect of IXALK4 on meso- 
dermal tissues by staining with antibodies against muscle 
(12/10L) and notochord (Tor 70.1). As shown in Fig. 6, 
expression of both muscle (Fig. 6B) and notochord (Fig. 6C) 
markers was severely reduced in tXALK4-injected embryos. 
We also found that neural tissue, detected with the antibody 
against a neural-specific antigen, was reduced, although to a 
lesser extent (Fig. 6D). Interestingly, the same phenotype can 
be obtained if only the two dorsal, but not ventral, blastomeres 
are injected in the marginal zone or vegetal pole (data not 
shown). This observation parallels the one made for tXActRIIB 
(A. H. B, unpublished data) and provides, in agreement with 
previous observation, further evidence that signals responsible 
for the establishment of the dorsal axis are derived from the 
dorsal vegetal blastomeres. 

To exclude the possibility that the loss of mesoderm is due 
to cell death caused by tXALK4 injection, we injected either 
100 pg of nucIear-p-Gai alone or nuclear-P-Gal with tXALK4 
in a single vegetal blastomere at the 8-cell stage. The compar- 
ison of the number of stained nuclei between the control 
embryos injected with p-Gal alone, versus embryos expressing 



Fig. 3. Truncated XALK4 inhibits mesoderm induction by activin 
and BMP4. (A) tXALK4 inhibits mesoderm induction by activin. 
Embryos were injected with tXALK4, tXAciRHB or tBR RNAs at 2- 
cell stage and animal cap explains were dissected at blastula stages 8 
to 9. The caps were either incubated alone (lanes 1 to 4), or with 
activin (lanes 5 to 8). Total RNA was assayed at either gastrula stage 
1 1 (top panels, 'Early') or tailbud stage 28 (bottom panels, 'Late*) by 
RT-PCR for expression of mesodermal-specific markers. Lanes 1 and 
5, uninjected controls; lanes 2 and 6, injected with tXALK4; lanes 3 
and 7, injected with tBR; lanes 4 and 8, injected with tXActRHB. 
Lane 9 is a negative control without reverse transcriptase in the RT- 
PCR reaction, and lane 10 is a positive control using RNA extracted 
from whole embryos at either gastrula (top panel) or tailbud (lower 
panel) stages. (B) tXALK4 inhibits mesoderm induction by BMP4. 
BMP4 RNA was injected alone or coinjected with tbe truncated 
receptor RNAs. Explams were assayed as described above. Xwnt8 
and Xhox3 are early markers of ventroposterior mesoderm. Globin is 
a marker of ventral mesoderm. (C) tXALK4 does not inhibit 
mesoderm induction by bFGF. Late blastula explants were incubated 
in the absence (lanes 1 to 4) or presence (lanes 5 to 8) of 100 ng/ml 
bFGF protein, and assayed when sibling controls reached late 
neurula stages as described above. 
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Fig. 4. Wild-type XALK4 receptor rescues IXALK4 blocked aciivin, 
but not BMP4, mesoderm induction. Ectodermal explants derived 
from embryos injected with tXALK4 RNA alone or coinjected with 
tXALK4 and XALK4 or XActRIIB RNAs were assayed for 
expression of mesodermal markers. Lane 1, uninjected control 
explants in buffer alone; lanes 2-5, explants incubated with activin 
(A) or injected with 0.5 ng BMP4 RNA (B). Lane 3 is animal caps 
injected with 2 ng tXALK4 RNA, lane 4 is caps coinjected with 2 ng 
tXALK4 and 0.5 ng XALK4 RNA, and lane 5 is caps coinjected with 
2 ng tXALK4 and 0-5 ng XActRIIB RNA. (A) Induction of muscle 
actin by activin, assayed when control siblings reached tailbud stage 
28, was rescued by coinjection of wild-type XALK4 RNA, but not 
by XActRIIB. (B) Expression of BMP4-induced early mesodermal 
marker Xbra at control sibling gastrula stage 11 and the late marker 
gJobin at stage 28 could not be rescued by co-expression of XALK4, 
but was rescued by wild-type XActRIIB receptor; 



both P-Gal and tXALK4 revealed comparable number of cells 
and thus suggested that the injected cells did not die (data not 
shown). To control for the specificity of the tXALK phenotype, 
we coinjected tXALK4 with wild-type XALK4 RNA in the 
marginal zone of two dorsal bias tome res of 4-cell embryos. We 
found that as little as 100 pg of wild-type XALK4 RNA was 
sufficient to rescue embryos injected with 2 ng tXALK4 RNA 
and restore the body axis (Fig. 6E), thus demonstrating the 
specificity of the observed phenotype. 

Truncated type I activin receptor does not neutralize 
ectodermal explants 

When signaling was blocked by overexpression of the 
truncated type II activin receptor in animal cap explants, 
neural fate was revealed; moreover injection of tXActRUB 
into the animal pole resulted in embryos with increased 



neural structures (cement glands and eyes; Hemrnati- 
Brivanlou and Melton, 1994). These findings suggested that 
neural fate might be under inhibitory control, and that this 
inhibitory signaling could be blocked by tXActRUB. Recent 
studies indicate that the endogenous neural inhibitor and 
epidermal inducer is BMP4 or perhaps a related BMP 
(Wilson and Hernmati-Brivanlou, 1995; Sasai et al„ 1995; 
Hawley et al., 1995; Xu et al., 1995). Because truncated 
forms of both XALK4 and XActRIIB blocked mesoderm 
induction by activin and BMP4 (see above), we asked 
whether tXALK4 could also induce neural tissue in animal 
cap explants. We injected 2 ng of synthetic RNAs encoding 
tXALK4, tXActRIIB or tBR, into the animal poles of 2-ceIl- 
stage embryos. Expression of neural markers was assayed in 
animal caps when control sibling embryos reached mid- 
neurula stage by RT-PCR- Both NCAM (Kintner and Melton, 
1987) and NRP-1 (Richter et al., 1990), general neural- 
specific markers, were induced by tBR or tXActRUB as pre- 
viously reported (Xu et al., 1995; Hemmati-Brivanlou and 
Melton, 1994, Fig. 7A). In contrast animal caps from 
embryos injected with the tXALK4 receptor did not express 
these markers (Fig. 7 A), although mesoderm induction by 
both activin and BMP4 was inhibited at the same dose of 
RNA (Fig. 3). Increasing the amount of tXALK4 RNA did 
not neural ize the animal caps (data not shown). 

tXALK4 does not block epidermal induction by 
BMP4 

BMP4 is a strong candidate to be the neural inhibitor and 
epidermal inducer revealed by the neuralizing effects of the 
truncated type II activin receptor (Wilson and Hemmati- 
Brivanlou, 1995). When animal caps are dissociated in 
Ca 2+ /Mg 2+ -free medium for 3 to 4 hours before reaggregation, 
they acquire a neural fate (Grunz and Tacke, 1989); addition 
of BMP4 to the dissociated cells restores epidermal differen- 
tiation (Wilson and Hemmati-Brivanlou, 1995). Expression of 
tXActRIIB blocks this epidermalizing activity, causing disso- 
ciated cells to express neural markers even in the presence of 
BMP4 (Wilson and Hemmati-Brivanlou, 1995 and Fig. 7B). 
Since both tXActRUB and tXALK4 were able to block BMP4- 
induced mesoderm formation, and yet expression of tXALK4 
did not induce neural markers, we asked whether tXALK4 
could render ectodermal cells resistant to epidermalization by 
BMP4. Animal caps were dissociated at bias nil a stage and 
reaggregated either immediately or after 4 hours. As observed 
before, dissociation for 4 hours followed by reaggregation led 
to expression of the pan-neural marker NCAM and suppres- 
sion of epidermal keratin (EK; Jonas et al., 1985; Fig. 7B); 
addition of BMP4 at 50 ng/ml to the dissociated cells elimi- 
nated expression of the neural marker and restored EK 
expression. Injection of 2 ng of tXActRIIB led to neural ization 
even in the presence of BMP4 (Fig. 7B, lane 9). In contrast, 
injection of 2 ng of tXALK4 RNA did not change cell response 
to BMP4: NCAM was repressed and EK induced in BMP4- 
treated samples from both uninjected and tXALK4- injected 
embryos. In controls carried out as part of the same experi- 
ment, tXALK4 prevented mesoderm induction in intact caps 
by both activin and BMP4, confirming that the RNA was func- 
tional (data not shown). Thus, although tXALK4 blocks 
induction of mesoderm by BMP4 (Fig. 3), it fails to inhibit its 
epidermal induction activity. 
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DISCUSSION 

In this paper, we report the characterization of a Xenopus type 
I activin receptor, XALK4, and an analysis of its function in 
early frog development. We find that, as in the case of the pre- 
viously described type II activin receptor XActRIIB, a 
truncated form of XALK4 can block mesoderm induction by 
activin or related factors. Furthermore, an active form of ALK4 



Fig. 5. Truncated XALK4 blocks mesoderm formation in vivo. 
Albino embryos were injected with 2 ng of tXALK4 or constitutively 
active ALK4-T206E RNAs in the marginal zone of one blastomere at 
the 2-cell stage. The embryos were fixed at gastrula stage 10 and 
whole-mount in situ hybridization was performed using an Xbra 
antisense probe to assess the effect of these constructs on mesoderm 
formation in vivo. (A,D) Uninjected control embryos, showing an 
intact ring of Xbra expression during early gastrula stages. 
(B,E) Embryos injected with tXALK4 RNA. Consistent with 
tXALK4 inhibition of mesoderm induction, Xbra expression is only 
detected in half of the marginal zone. (C,F) Embryos injected with 
ALK4-T206E RNA. These embryos display an expanded Xbra 
expression that includes the marginal zone and the animal cap on one 
side of the embryo. 



mimics activin-induced mesoderm formation. These results are 
consistent with cell culture data implicating this protein as a 
receptor that mediates activin effects. Unlike tXActRHB, 
however, truncated XALK4 does not induce neural tissue. This 
paradox is explained by our finding that truncated XALK4 can 
block BMP4- induced expression of mesodermal markers, but 
not BMP4-induced expression of epidermal markers and inhi- 
bition of neuralization. In contrast, the dominant negative form 
of XActRIIB blocks both activities of BMP4. Thus the type I 
and type II activin receptors are involved in overlapping but 
distinct sets of embryonic signaling events. 

XALK4 and mesoderm induction 

Truncated XALK4 blocks mesoderm induction by activin and 
BMP4 in animal cap explants, as has been shown for the 




Fig. 6. Expression of tXALK4 in embryos leads to the elimination of the body axis and a severe reduction of mesodermal tissue. 
(A-D) Embryos at the top of each panels are uninfected controls, while the embryos at the bottom of each panels are injected with tXALK4. 
(A) Phenotype of embryos injected with 1 ng of tXALK4 RNA in the marginal zone of all four blastomeres at the 4-ce)l stage, display no 
obvious axis and resemble the 'bubble' phenotype described for tXActRIIB. (B-D) Analysis of tissue-specific molecular markers by whole- 
mount irnmunom^tochemistry. (B) Staining with a muscle-specific antibody shows reduced muscle tissue in injected embryo. (C) Staining for a 
notochord antigen shows the same reduction in the injected embryo as above. (D) Staining for a neural-specific antigen demonstrates that neural 
tissue, though not reduced as severely is disorganized. (E-G) The phenotype imposed by tXALK4 in the embryo can be rescued by coinjection 
of wild-type activin type 1 receptor. (E) Control uninjected tadpole. (F) Phenotype of embryo injected with 2 ng of tXALK4 into the two dorsal 
blastomeres in the marginal zone. (G) Coinjection of tXALK4 with 100 pg of the wild- type XALK4 RNA can rescue the phenotype and restore 
body axis in embryos. 
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truncated type II activin receptor tXActRIIB (Hemmati- 
Brivanlou and Melton, 1992; Hemmati-Brivanlou and 
Thomsen, 1995). Expression of the truncated form of either 
receptor strongly inhibits mesoderm formation in whole 
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Fig. 7. OCALK4 does not induce neural ization in intact explants and 
does not inhibit epidermal induction by BMP4. (A) Ectodermal 
explants derived from embryos injected with tXALK4, tXActRHB or 
tBR RNAs were assayed by RT-PCR for the expression of 
eetodermal-specific markers when sibling stages reached late neurula 
(stage 20). NRP-1 and NCAM are neural-specific markers. Lane 1 is 
unmjected animal cap control, lanes 2 to 4 are caps injected with 
RNA encoding OCALK4, tBR and tXActRHB, respectively. Lane 5 is 
a negative control without reverse transcriptase, and lane 6 is a 
positive control with RNA extracted from whole embryos. tXALK4 
does not neuralize intact ectodermal explants. (B) Ectodermal 
explants derived from embryos injected with tXALK4 or tXActRHB 
were dissociated in Ca 2+ /Mg 2+ -free medium. They were 
reaggregated either immediately (lanes 1 to 3) or following 4 hours 
dissociation (lanes 4 to 9). As shown previously (Wilson and 
Hernmati-Brivanlou, 1995), 4 hours of dissociation changed animal 
caps from epidermal to a neural fate (lanes 4-6). In lanes 7 to 9, 
BMP4 protein was added at 50 ng/ml concentration during 
dissociated culture. Unlike tXActRIIB, expression of tXALK cannot 
block BMP4-dependent epidermal induction. Lanes l t 4 and 7 are 
uninjected controls; lanes 2, 5 and 8 are embryos injected with 
tXALK4 RNA; lanes 3, 6 and 9 are injected with tXActRHB RNA. 
Total RNA was extracted from explants and assayed by RT-PCR 
when control siblings reached late neurula stages 1 7 to 1 8. 



embryos as well, resulting in severely defective embryos which 
lack both heads and tails. Analysis of molecular markers 
reveals that expression of early genes, such as Xbra, is com- 
pletely inhibited while development of late mesodermal 
tissues, such as muscle and notochord, is substantially reduced 
in these embryos. Moreover, a constitutively active form of 
ALK4 can induce mesoderm in Xenopus animal caps in a 
ligand- independent manner. These results strongly suggest that 
XALK4 plays an essential role in endogenous mesoderm 
induction, perhaps in conjunction with the type II receptor 
XActRHB. 

Mesoderm induction by BMP4 protein requires high levels 
of ligand, approaching 1 u.g/ml, or about 40 nM. On the 
contrary, unpublished data demonstrate that BMP4/BMP7 het- 
erodimers can induce mesoderm at much lower (picomolar) 
concentrations (A. Suzuki and N. Ueno, personal communica- 
tion). It is thus unclear whether BMP4 acts alone or with 
another factor to induce mesoderm in the embryo, or acts 
instead to ventralize mesoderm induced by other factors such 
as activin. Since ventralization is a likely role for BMP4 in 
vivo, it would be interesting to know if this activity could be 
blocked by tXALK4. We are currently addressing this issue. In 
animal cap assays, truncated XALK4 blocks mesoderm 
induction by both activin and BMP4. However, coexpression 
of wild-type XALK4 with the truncated form does not rescue 
mesoderm induction by BMP4, although induction by activin 
is restored (Fig. 4). For this reason, we believe it is unlikely 
that ALK4 is directly involved in BMP4 induction of 
mesoderm. The truncated mutant may block BMP4 indirectly, 
through interaction with another receptor (see below). This 
notion is also supported by our data that type II activin 
receptor, when coexpressed with tXALK4, can rescue 
mesoderm induction by BMP4. 

Neural specification and the induction of epidermis: 
XALK4 and BMP4 

Although the type I and type II activin receptors behave very 
similarly in assays of mesoderm induction, they differ in one 
crucial aspect. While truncated XActRUB provokes formation 
of neural tissue in animal cap explants in the absence of 
mesoderm, truncated XALK4 does not Several recent studies 
suggest that BMP4, rather man activin, is likely to be respon- 
sible for neural inhibition and epidermal specification in ver- 
tebrate embryos (Wilson and Hemihati-Brivanlou, 1995; Sasai 
et al M 1995; Hawley et al., 1995; Xu et al., 1995), and suggest 
that truncated XActRUB probably neuralizes by blocking 
BMP4 signaling. We have asked therefore if the difference 
between type I and type II activin receptors with respect to neu- 
ralization is due to a difference in the ability to block BMP4 
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signaling. We have shown that both truncated receptors can 
inhibit mesoderm induction by BMP4; however, in dissociated 
animal cap cells only tXActRJIB, and not tXALK4, can block 
epidermal induction by BMP4. Although the rescue data imply 
that XALK4 is not involved in either mesoderm or epidermis 
induction by BMP4, the differential effect of the truncated 
form of this receptor allows us to infer that different receptor 
complexes mediate the two activities. 

To provide a framework to consider these data, we propose 
a model in which different ligands can induce distinct cellular 
responses through the formation of different receptor 
complexes (Fig. 8). Since we still know so little about the 
affinities of these receptors for each other and for the various 
ligands, and since there are a number of BMPs and receptors 
whose functions remain to be analyzed in the embryo, we limit 
this discussion to the molecules analyzed above. Under our 
current thinking, activin may signal through a receptor 
complex containing a type II receptor (ActRUB) and a type I 
receptor (ALK4). A truncated form of either receptor subunit 
will block signaling and inhibit mesoderm induction by this 
ligand. On the other hand, BMP4 may mediate mesoderm 
induction by a BMPRI (ALIO) and ActRUB complex, while 
specifying epidermal fate through BMPRI and another type II 
receptor (possibly a homologue of human BMPRIL Liu et al, 
1 995). In this case, a truncated BMPRI would block all BMP 
responses (Graff et al., 1994). A truncated ActRIIB would 
block BMP4-induced mesoderm formation directly and block 
epidermal formation indirectly by interacting with BMPRI and 
titrating it away from a still functional BMP type II receptor. 
A truncated ALK4, which would not complex with the type II 
BMP receptor, would not affect BMP4- mediated epidermal 
induction, although it would block BMP mesoderm induction 
by competing for ActRIIB. According to this model, coex- 
pression of wild-type ALK4 should rescue mesoderm 
induction by activin in the presence of truncated ALK4 by 
restoring the functional receptor complex for activin signaling. 
However, BMP4-mediated mesoderm formation should not be 
rescued by expression of ALK4. This is exactly what we have 
observed (Fig. 4). In addition, mesoderm induction by BMP4 
is rescued from tXALK4 by coexpression of XActRUB, which 
further supports this model. Clearly the specific interactions 
will be determined by the relative affinities of the various com- 
ponents for each other. Therefore definitive conclusions must 
await further data, but we believe our model can serve as a 
useful starting point for design of experiments to probe the 
system in greater detail. A feature of the model is consistent 
with the possibility that a single type I receptor may mediate 
different intracellular events in combination with different type 
II receptors. Although a current hypothesis for receptor 
serine/threonine kinase signaling is that type I receptors are the 
primary signal transducers (Wrana et al., 1992, 1994; Attisano 
et al., 1996), a role for type II receptors in determining the 
nature of the downstream signal has also been proposed (Chen 
etal., 1993). 

In summary, we have cloned a Xenopus type I activin 
receptor, XALK4, and studied its expression and function in 
early development. Using dominant negative and constitutively 
active mutants, we show that this receptor, like the type II 
receptor XActRIEB, is involved in mesoderm induction. In 
contrast, XALK4 is apparently not involved in the specifica- 
tion of epidermis and thus the control of neural fate. These 



experiments with dominant-negative receptors, together with 
the data on rescue with wild-type receptors, allow us to propose 
a model for how different receptor complexes mediate different 
biological activities of activin and BMP4. 
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